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Resumo

Esta tese visa proceder a uma analise abrangente de conversores multinivel modulares (MMC)
para transmissdo a alta tensdao em corrente continua (HVDC), almejando apresentar novos
modelos matematicos em sistemas dinamicos e projetar novas estratégias de controlo. Na
primeira etapa sao introduzidos dois novos modelos matematicos dinamicos que usam
differential flatness theory e as componentes de correntes circulantes. Ainda, é estabelecida
uma modelacao matematica para o controlo preciso dos MMCs, operando em modo inversor ou
modo retificador. Depois de apresentar as novas equacdes matematicas, as técnicas de controlo
mais adequadas sao delineadas. Devido as caracteristicas nao lineares dos MMCs, sdo projetadas
duas estratégias de controlo nao-lineares baseadas no método direto de Lyapunov e no controlo
do tipo passivity theory-based combinado com controlo por modo de deslizamento através do
uso de modelos dinamicos baseados em correntes circulantes para fornecer uma operacao
estavel aos MMCs em aplicacdes de HVDC sob varias condicdes de operacdo. Os efeitos negativos
das perturbacdes de entrada, erros de modelacao e incertezas do sistema sao suprimidos
através da definicao da funcao de controlo de Lyapunov para alcancar os termos de integracao-
proporcionalidade dos erros de saida para que possam finalmente ser adicionados as entradas
iniciais. Os resultados da simulacao computacional realizados em ambiente MATLAB/SIMULINK
verificam os efeitos positivos dos modelos dinamicos propostos e das novas estratégias de
controlo em todas as condicées de operacao dos MMCs no modo inversor, retificador e em

aplicacdées HVDC.

Palavras Chave

Conversor Multinivel Modular, Poténcia Ativa e Reativa, Método de Lyapunov, Controlo por Modo

de Deslizamento, Transmissao a Alta Tensao em Corrente Continua.



Abstract

This thesis focuses on a comprehensive analysis of Modular Multilevel Converters (MMC) in High
Voltage Direct Current (HVDC) applications from the viewpoint of presenting new mathematical
dynamic models and designing novel control strategies. In the first step, two new mathematical
dynamic models using differential flatness theory (DFT) and circulating currents components
are introduced. Moreover, detailed step-by-step analysis-based relationships are achieved for
accurate control of MMCs in both inverter and rectifier operating modes. After presenting these
new mathematical equations-based descriptions of MMCs, suitable control techniques are
designed in the next step. Because of the nonlinearity features of MMCs, two nonlinear control
strategies based on direct Lyapunov method (DLM) and passivity theory-based controller
combined with sliding mode surface are designed by the use of circulating currents components-
based dynamic model to provide a stable operation of MMCs in HVDC applications under various
operating conditions. The negative effects of the input disturbance, model errors and system
uncertainties are suppressed by defining a Lyapunov control function to reach the integral-
proportional terms of the flat output errors that should be finally added to the initial inputs.
Simulation results in MATLAB/SIMULINK environment verify the positive effects of the proposed
dynamic models and control strategies in all operating conditions of the MMCs in inverter mode,

rectifier mode and HVDC applications.

Keywords

Modular Multilevel Converter, Active and Reactive Power, Lyapunov Method, Sliding Controller,

High Voltage Direct Current Transmission.
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Chapter 1

Introduction

1.1 Background

HVDC (high-voltage direct current) is a highly efficient alternative for transmitting the
electricity generated through the large scale of renewable energy resources (RESs) included
off/on-shore wind farms over long distances and for special purpose applications. For this
reason, HVDC transmission systems have been becoming more and more important in an energy
landscape that is featured by enhancing the controllers for the used distributed generations. In
fact, HVDC systems are able to help three-phase grids get more stabilized and also connected
to green power. The future grid can hopefully rely on such systems because of their

aforementioned key roles.

Due to the stated issues, HVDC systems have been widely investigated in recent years.
To pursue more recent literatures, both control and protection of multi-terminal HVDC systems
have been an important research topic that is accomplished in [1]. Optimized algorithms-based
methods have also been considered for reaching more stability for HVDC systems [2], [3].
Another important theme related to HVDC systems is the harmonic elimination that has been
discussed in [4], [5]. Moreover, unbalanced grid conditions have been realized at solving this
challenge for HVDC system [6]. As a good selection for HVDC systems, among the power
converters used for HVDC applications, modular multilevel converters (MMCs) have been
recently chosen as the main core of HVDC structures because of their characteristics, such as
high reliability capability, modular structure, high efficiency, seamlessly DC link, effective
redundancy, and excellent output with eliminated harmonic components and minimum passive
filter.

Reference [7] has presented several reduced-order small-signal models for MMC in HVDC
applications to investigate the criteria including singular values (SVs) of the frequency
response, dynamic response in the time domain, and the largest absolute error of SVs. Some
MMC energy-based control strategies have been analyzed in [8], VSC-HVDC Links. The expansion
of renewable energy resources and their various structures have been involved with MMCs. The
subjects pertaining to RERs such as high penetration problems [9], [10], integration of small-
scale renewable energy sources into power grid [11], the harmonic current and reactive power
compensation [12], microgrid systems [13], etc., will show the importance of an accurate
analysis of MMCs for RERs-based applications.



Forinstance, a Static Synchronous Compensator (STATCOM) has been designed for offshore wind
farm applications based on a modular multilevel cascade converter (MMCC) in which its
asymmetrical reactive power capability has been accurately analyzed as well [14]. Various
modulation strategies applied to MMCs have been investigated in [15] for renewable energy
integration. The carrier-based pulse with modulation (CB-PWM) techniques, the CB-PWM
methods adapted with an additional cell ranking and selection algorithm, the state-of-the-art
of zero sequence signals (ZSS) applied on three-phase inverters, the alliance between the ZSS
with the CB-PWM, as well as the nearest level modulation (NLM) have been discussed in [15].
As another use of MMCs for RERs [16], the conception of MMCs for high-scale photovoltaic

generation based on efficiency criteria has been studied in [17].

1.2 Research Motivation and Problem Definition

The necessity of choosing a suitable converter for high power generation and transmission,
especially HVDC systems, has led to proposing a modular converter in [18]. For the full
investigation and stable operation of the converter that has been named MMC, many dynamic
models have been considered to be proposed [19]. Thus, in the first step, the best
mathematical-based description for MMC should be defined from the viewpoint of differential

equations.

A phasor format-based model in the rotating d-q coordinate frame has been proposed in [20]
for MMC that the modelled for power-flow and parameter studies. The coordinate frame has
been shaped at double the fundamental frequency, in steady state. Also, a substantial
analytical basis is presented to facilitate direct mathematical manipulations of nonlinear terms

in the rotating frame [20].

The reference [21] has designed a continuous model to accurately simulate the blocked state
that is very important for accurate simulation of faults. This model is very useful in high-voltage

DC applications [21].

Three dynamic linear state-space models of the modular multilevel converter (MMC), which are
suitable for small-signal dynamic studies and controller design, have been proposed in [22].
The three models consist of two, six and ten states, respectively. The 2nd- and 6th-order
models ignore the dynamics of the second harmonics and circulating current suppression control
(CCSC). As the main challenges of dynamic analytical modelling of MMC, the multiplication

nonlinear terms are directly converted to the rotating d-q frame.



An average-value model (AVM) of the MMCs considering the sub-module capacitor voltage ripple
is proposed in [23] to investigate the control dynamic performance of MMCs. In addition, the
sub-module capacitors voltage ripple on the MMC dynamic behavior is explored. Also, the
equivalent impedances of the DC and AC sides of the MMC are accurately evaluated [23].
Moreover, using the achieved equivalent impedances, a particular AVM of MMCs, consisting of

the equivalent capacitors reflecting the capacitor voltage ripple, has been proposed in [23].

Accurate investigation of the aforementioned dynamic models shows that some of them lack
circulating current parts with the aim of suppressing this current. also, other dynamic models
have not considered step-by-step analysis of all state variables of MMC. Considering both

mentioned features is crucial for presenting an appropriate controller for MMC.

Another important issue related to MMC is the nonlinearity features that should be considered
for designing any controller for MMC. Many nonlinear control techniques included input-output
feedback linearization [24], [25], direct Lyapunov method [26]-[28], sliding mode controller
[29], passivity theory-based control technique [30], [31], etc.

A nonlinear robust multi-loop controller has been designed in [32] for two shunt MMC-based
voltage source converters and one series capacitor, via control Lyapunov function to reach fast
tracking performance, and robustness against system uncertainties and disturbances. By the
use of Lyapunov theorem, stability of the closed-loop nonlinear system is proved as well. In
addition, the proposed controller has been decentralized using adaptive observer to estimate

the nonlocal system parameters [32].

Since MMCs are multi-input multi-output (MIMO) nonlinear systems, a feedback linearization-
based current control strategy can be a suitable option for applying to an MMC system, which
has been proposed in [33]. In the first step, the nonlinear state function model of the MMC has
been driven and then transformed to a linearized and decoupled form with the help of the
input-output feedback linearization technique [33]. Based on the linearized system, simple
linear controllers are employed to regulate the output and inner differential currents of the

MMC.

Reference [34] has proposed a fault detection method based on a sliding mode observer (SMO)
and a switching model of a half-bridge for modular multilevel converters which is capable of
locating a faulty semiconductor switching device in the circuit. This method can appropriately

address the whole stable operations of MMC.



A sliding mode control (SMC) based method has been proposed for the MMC in [35]. The analyses
accomplished for the system dynamics under the proposed control method, relations among
control parameters and their validity conditions can be driven providing a guidance for
systematic controller design [35]. The proposed SMC-based method provides comparable steady
state performance and fast dynamic responses, without compromising the computational effort

or requirement for a precise system model.

As it can be understood from the mentioned literatures with the role of designing nonlinear
controllers, considering both load and parameters variations in the duties frame of their
proposed control technique were not carefully discussed. Thus, it is necessary to design a
comprehensive nonlinear control technique for simultaneously reaching the aforementioned

aims in which a complete dynamic model is also used.

1.3 Research Questions, Objectives and Contributions of the

Thesis

This thesis presents two new mathematical models including the flat outputs-based dynamic
model with active and reactive power state variables, as well as a comprehensive six-order
dynamic model by considering all effects of d-q components of circulating currents. Also, to
describe the best performance of MMC, two comprehensive analyses regarding all MMC currents

and voltages, as well as the ultimate reference switching functions, are executed in this thesis.

In addition, using comprehensive analyses, two novel control strategies have been proposed for
MMC so that the controllers have the robustness feature against parameters and load variations.
Except for the analysis-based control techniques, several nonlinear control strategies have been
designed for MMC in HVDC applications to stabilize the behaviors of all considered state
variables. It should be stated that the stable response for MMC is aimed to reach in both steady

state and dynamic operating conditions in all accomplished researches.
In particular, the following research questions are addressed:

e How can various parts of the dynamic model of the MMC impact on providing an
accurate power sharing of renewable energy resources-based HVDC in the presence
of model uncertainties and errors?

¢ What are the results of using the proposed multi-loop control technique on the stable
operation of MMCs in HVDC Transmission Systems, and how will each loop with its

duties be appropriately led to stable outputs in various operating conditions?



o Which state variables should be more important in a detailed analysis of the MMC
structure at reaching flexible modulation functions when the parameter alterations
exist in the overall performance of the power system?

e How much considering detailed calculations of MMC PWM modulation functions can
ease reaching the desired values for the modulation index and phase, and also what
is the effect of the system parameters considered by proposing the modulation index
and phase?

e Whether by considering the circulating currents components can cause that the
ultimate designed controller shows positive results at controlling MMC in the HVDC
system or not?

e What results can be achieved by accurately analyzing the proposed detailed curve
based on the active and reactive power generated through MMC and which factors can
be used to show other aspects of the proposed curve?

The main objectives of this thesis are as follows:

e To investigate on existing mathematical dynamic models of renewable energy
resources-based MMC in various applications and inquire the nonlinearity features of
MMC along with their proportional nonlinear control techniques;

e To present a different statement for the dynamic model of MMC based on the defined
flat outputs enhanced with robustness ability against both load and parameters
variations;

e To develop an appropriate control method by considering sliding mode surface for
approaching the state variables errors of MMC to zero for the steady state and dynamic
operation of a renewable energy resources-based HVDC transmission while parameters
changes are taken into account;

e To present a detailed step-by-step analysis of MMC for achieving the appropriate
switching functions that are able to provide the control aims with very high accuracy;

e To extract the detailed specifications of various parts of MMC switching functions
ignored by existing related works that can enhance the stability of both sides of the
HVDC transmission system;

o Todevelop the existing dynamic models by considering the circulating currents effects
in both steady and dynamic states operations;

e To provide a global asymptotical stability for renewable energy resources-based HvVDC
systems by considering total saved energy of the system in the presence of load
changes in both AC sides;

e To present a new algorithm for both MMC currents and power that leads to a new
capability curve employed for both steady state and dynamic analysis.



The contributions of this thesis (all already published in prestigious venues) are summarized as

follows:

A novel control strategy for MMC is designed based on differential flatness theory
(DFT), in which instantaneous active and reactive power values are considered as the
flat outputs. Using this model, the flat outputs-based dynamic model of MMC is
obtained to reach the initial value of the proposed controller inputs. In order to
mitigate the negative effects of input disturbance, model errors and system
uncertainties on the operating performance of the MMC, the integral-proportional
terms of the flat output errors are added to the initial inputs. This can be achieved
through defining a control Lyapunov function which can ensure the stability of the
MMC under various operating points. This contribution is published in “IEEE Journal

of Emerging and Selected Topics in Power Electronics” [36];

A multi-loop control strategy based on a six-order dynamic model of the modular
multilevel converter (MMC) is presented for the high-voltage direct current (HVDC)
applications. For the initial analysis of the operation of MMC, a capability curve based
on active and reactive power of the MMC is achieved through a part of the six order
dynamic equations. According to the MMC’s control aims, the first loop known as the
outer loop is designed based on passivity control theory to force the MMC state
variables to follow their reference values. As the second loop with the use of sliding
mode control, the central loop should provide appropriate performance for the MMC
under variations of the MMC’s parameters. Another main part of the proposed
controller is defined for the third inner loop to accomplish the accurate generation of
reference values. By implementing an accurate coordination between the designed
control loops, stable responses for all involved state variables are achieved. This
contribution has been published in “International Journal of Electrical Power &
Energy Systems” (ELSEVIER) [37].

A new function-based modulation control technique for modular multilevel converters
(MMC) is proposed. The main contributions of the proposed controller are: 1) two
separate modulation functions to attain the switching signals of upper and lower sub-
modules; 2) the simplicity of the designed controller, especially in comparison with
the existing methods; and 3) maintaining stable operation during parameters varying
condition due to its structure. Moreover, the effects of the MMC parameters and
currents changes are considered as the assessment factors of the proposed modulation
functions performance in both steady-state and dynamic conditions. In addition, using
the proposed functions, the instantaneous powers of the MMC arms and the equivalent
capacitors of the upper and lower sub-modules are evaluated. This contribution is

published in “IET Generation, Transmission and Distribution” [38].



A novel modulation function-based method including analyses of the modulation index
and phase is proposed for operation of modular multilevel converters (MMCs) in high
voltage direct current (HVDC) transmission systems. The proposed modulation
function-based control technique is developed based on thorough and precise analyses
of all MMC voltages and currents in the a-b-c reference frame in which the alternating
current (AC)-side voltage is the first target to be obtained. Using the AC-side voltage,
the combination of the MMC upper and lower arm voltages is achieved as the main
structure of the proposed modulation function. The main contribution of the proposed
work is to obtain two very simple new modulation functions to control MMC
performance in different operating conditions. The features of the modulation
function-based control technique are as follows: (1) this control technique is very
simple and can be easily achieved in a-b-c reference frame without the need of using
Park transformation; and (2) in addition, the inherent properties of the MMC model
are considered in the proposed control technique. Considering these properties leads
to constructing a control technique that is robust against MMC parameters changes
and also is a very good tracking method for the components of MMC input currents.
These features lead to improving the operation of MMC significantly, which can act as

a rectifier in the HVDC structure. This contribution published in “Energies” [39].

A dynamic model, control and stability analysis of MMC-HVDC transmission systems is
presented. The main contributions are fourfold: (1) obtaining a comprehensive
dynamic model in d-q frame for MMC-based HVDC system with six independent
dynamical state variables, including two AC currents, three circulating currents, and
the DC-link voltage, (2) developing the dynamic parts of switching functions by the
use of DLM to reach globally asymptotical stability, (3) deriving a detailed capability
curve (CC) based on active and reactive power of the MMC for the proposed system,
investigating the impacts of various values of the DC-link currents on CC; it can be
used to verify the maximum capacity of interfaced MMC for the injection of active
and reactive power into the power grid, (4) performing a comprehensive investigation
of MMC output and DC-link current variations effects on DC-link voltage stability by
using small-signal analysis. This contribution published in “IEEE Transactions on

Power Delivery” [40].



1.4 Methodology

The mathematical models developed in this thesis are based on the MMC state variables
included output voltages, output currents, circulating currents, input voltages, input currents,
DC link voltage, active power and reactive power. In order to achieve the main research
objectives, beyond the simulation models, this thesis develops the existence of dynamic models
by considering circulating currents components and detailed step-by-step analysis of MMC state
variables to reach stable responses for the HVDC power system under uncertainty, and a

dramatically changing power generation scheme over time.

On the other hand, because of the nonlinearity characteristics of MMC dynamics, the proposed
nonlinear control techniques include Flatness theory, direct Lyapunov method, passivity theory-
based method, and sliding mode controller, all implemented in MATLABO SIMULINK

environment to considered MMCs in various structures.

1.5 Notation

The present thesis uses the notation commonly used in the scientific literature, harmonizing
the common aspects in all sections, wherever possible. However, whenever necessary, in each
section, a suitable notation may be used. The mathematical formulas will be identified with
reference to the subsection in which they appear and not in a sequential manner throughout
the thesis, restarting them whenever a new section or subsection is created. Moreover, figures
and tables will be identified with reference to the section in which they are inserted and not

in a sequential manner throughout the thesis.

Mathematical formulas are identified by parentheses (x.x.x) and called “Equation (x.x.x)” and
references are identified by square brackets [xx]. The acronyms used in this thesis are
structured under synthesis of names and technical information coming from both the

Portuguese or English languages, as accepted in the technical and scientific community.

1.6 Organization of the Thesis

This thesis encompasses seven chapters that are organized as follows:

Chapter 1 presents a background of the work in the first step. Then, the research motivations
and the problem definition are discussed. Subsequently, the next part of this chapter focuses
on the research questions and contributions of this thesis. Also, the used methodologies of the
thesis are given. In addition, the adopted notations are discussed in the next part. Finally, the

chapter concludes by outlining the structure of the thesis.



Chapter 2 concentrates on a novel control strategy based on differential flatness theory (DFT)
for MMC. Introduction is the first section of this chapter. Then, the second section consists of
two sub-sections of dynamic analysis of the proposed MMC-based model as well as the proposed
DFT-based control technique. The stability analysis of this chapter is provided by investigating
the effects of the control inputs perturbations as the next section. Simulation results and the

highlighted points of the chapter are provided afterwards.

Chapter 3 presents a multi-loop control technique for the stable operation of MMCs in HVDC
transmission systems. Except for the introduction which is the first section of this chapter, the
next section discusses about the proposed differential equation of MMC. This section contains
two subsections including the proposed six order dynamic model of MMCs and capability curve
analysis of MMCs active and reactive power. Three loops of the proposed control technique are
discussed in the control section that encompasses the issues of the design of the outer loop
controller (OLC), the design of the central loop controller (CLC) and the design of the inner
loop controller (ILC). Convergence evaluation and stability analysis are regarded as the
evaluation section of this chapter. The load compensation capability analysis of MMC and
dynamic model analysis of the DC-link voltage are discussed in the evaluation section in detail.

Finally, simulation results in MATLAB/Simulink environment are presented.

Chapter 4 presents a function-based modulation control for MMCs under varying loading and
parameters conditions. Introduction and the proposed modulation functions discussion are the
first sections of the chapter. Second section investigates the calculation of the MMC’ arms
currents, and the proposed modulation function. Then, the evaluation of the instantaneous
power of the MMC arms are executed by calculation of the MMC’ arms currents and
instantaneous power of the arm’s resistance and inductance. Next section focuses on the
determination of Im and a. Accurate sizing of the equivalent sub-module capacitors is also
provided in the next section. Simulation results and highlighted points of this chapter are the

last sections, respectively.

Chapter 5 proposes a novel modulation function-based control of MMCs for HVDC transmission
systems. Introduction is written in the first section. Then, the detailed calculation of the
alternating current-side voltage is accomplished in the next section. The analysis section
includes parameters and input current variations effects on the proposed modulation function

are accurately discussed. Simulation results are discussed as well.



Chapter 6 discusses about dynamic Model, control and stability analysis of MMC in HVDC
transmission systems. After introduction, the model of MMC-based HVDC system is proposed.
Steady state and dynamic stability analysis are presented in two other sections, respectively.
In the next section, capability curve analysis of the MMCs is presented. DC-link voltage stability
analysis is placed in the next section. Simulation results and highlighted points of this chapter

are given in the next sections.

Chapter 7 presents the main conclusions of this work. Guidelines for future works in this field
of research are provided. Moreover, this chapter reports the scientific contributions that
resulted from this research work and that have been published in journals, book chapters or in

conference proceedings of high standard (IEEE).

10



Chapter 2

Novel Control Strategy for Modular Multilevel
Converters Based on Differential Flatness Theory

This chapter aims to present a novel control strategy for Modular Multilevel Converters (MMC)
based on differential flatness theory (DFT), in which instantaneous active and reactive power
values are considered as the flat outputs. To this purpose, a mathematical model of the MMC
taking into account dynamics of the AC-side current and the DC-side voltage of the converter
is derived in a d-q reference frame. Using this model, the flat outputs-based dynamic model
of MMC is obtained to reach the initial value of the proposed controller inputs. In order to
mitigate the negative effects of the input disturbance, model errors and system uncertainties
on the operating performance of the MMC, the integral-proportional terms of the flat output
errors are added to the initial inputs. This can be achieved through defining a control Lyapunov
function that can ensure the stability of the MMC under various operating points. Moreover,
the small-signal linearization method is applied to the proposed flat output-based model to
separately evaluate the variation effects of controller inputs on flat outputs. The proficiency
of the proposed method is researched via MATLAB simulation. Simulation results highlight the
capability of the proposed controller in both steady-state and transient conditions in
maintaining MMC currents and voltages, through managing active and reactive power.

2.1 Introduction

Considering the issues concerning to the renewable energy resources [41], [42], investigating
high-power and Medium-voltage converters has been attracted attention more and more. High-
power and Medium-voltage power electronics-based converters have been continuously
employed in high-technology industries, traction systems and regenerative energy sources,
since they offer effective power structures, flexible designed controllers, various dynamic
models, and effective pulse-width-modulation (PWM) techniques [43]-[46]. These features can
lead to low harmonic components, fast responses against dynamic changes, improved power
factors as well as power quality in grid-connected systems, not to mention a ride-through
capability and/or a redundant converter design in various operating conditions [47]-[49]. Among
existing power electronic-based converters, modular multilevel converters (MMCs) have been
gaining popularity due to their full modularity and easy extend ability to meet different voltage
and power level requirements in various applications i.e., photovoltaic systems, large wind
turbines, AC motor drives, HVDC systems, DC-DC transformers, battery electric vehicles,
distributed energy resources (DERs), and flexible alternating current transmission systems
(FACTS) [50]-[55].
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However, the MMCs commonly demand complex control configurations in compression with
other converter topologies. Therefore, designing an appropriate control technique for the
control and operation of the MMC in power systems is essential. To this end, several studies in
the literature have addressed the control concept of the MMCs in power systems which will be
briefly presented as follows [56]-[66]. A nearest level control (NLC) along with an optimized
control strategy is proposed to govern the MMC operation in [56], which is based on

the dynamic redundancy and the utilization ratio of the sub-modules.

A model predictive direct current control is provided for the MMC in [57]. The proposed control
technique can maintain the load current within strict bounds around sinusoidal references and
minimize capacitor voltage changes and circulating currents. In recent years, dynamic models
for MMCs have been the topics of several work [58]-[60]. In [60], a new switching-cycle state-
space model is designed for a MMC in which a respective switching-cycle control approach is
also proposed by considering the unused switching states of the converter. Through using the
average voltage of all the sub-modules (SMs) in each control cycle, a fast voltage-balancing
control along with a numerical simulation model are proposed for the MMC in [61]. The
sinusoidal common-mode (CM) voltage and circulating currents are employed for designing
various control techniques in MMCs. In fact, in order to attenuate the low-frequency
components of the SM capacitor voltage, the sinusoidal common-mode voltage and circulating
current are used to design a control strategy for the MMC in [62]. In [63], optimized sinusoidal
CM voltage and circulating current are used to limit the SM capacitor voltage ripple and the
peak value of the arm current. Also, for adjustable-speed drive (ASD) application under
constant torque low-speed operation, two control techniques based on injecting a square-wave
CM voltage on the AC-side and a circulating current are proposed to reduce the magnitude of
the SM capacitor voltage ripple [64]. Furthermore, a control strategy based on a sinusoidal CM
voltage and circulating current is proposed for an MMC-based ASD over the complete operating
speed region [65]. In addition, the peak value of the sinusoidal common mode voltage can be a

key solution for analyzing the SM capacitor voltage ripple [66].

In this chapter, a novel control strategy based on differential flatness theory (DFT), inspired by
that was used for the control of converters in [36], [67]-[70], is presented to control the
operation of MMC in power systems. The flat outputs required for the DFT based control
technique are the instantaneous active and reactive power of the MMC. The initial values of
the proposed controller inputs can be driven by a new dynamic equation of the MMC, achieved
as per the flat outputs. Then, a control Lyapunov function based on the respective integral-
proportional errors of flat output is utilized to provide a stable operation against input

disturbance, model errors, and system uncertainties.
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Also, in order to evaluate the variation effects of controller inputs on flat outputs, the relevant
transfer functions are obtained through the small signal model of the flat outputs-based
dynamic equations. In comparison with other existing control techniques for MMC, the proposed
controller exhibits several considerable advantages in terms of the stability issues for
robustness enhancement, highly improvements of MMC power sharing ability, less overshoot
and undershoot for SM voltages and transient through considering simultaneously all the input
disturbance, model errors, and system uncertainties and applying directly the MMC active and
reactive power as the state variables. The simulation analysis using Matlab/Simulink clearly
demonstrates the effectiveness of the DFT-based control strategy in the proposed MMC-based

model under different operating modes.

2.2 Proposed Control Technique

Figure 2.1 depicts a circuit diagram of the proposed MMC-based model. The MMC consists of six
sub-modules in series in each upper and lower arm. Each sub-module can be modeled as a half-
bridge IGBT-diode switch-based rectifier. Two resistance-inductance loads are connected to
the PCC in which the second load enters in operating mode by means of the switch at a
determined time. Also, a capacitor filter is considered at the PCC of the MMC to improve output
AC voltages. Since the dynamic equations of the proposed model are considered in the design
of the proposed control strategy; thus, these basic equations as well as a new dynamic model

based on the outputs of DFT are extracted in this section.

2.2.1 Dynamic Analysis of the Proposed MMC-based Model

As can be seen in Figure 2.1, the series connection of sub-modules in both upper and lower

arms of the MMC are represented by the controllable voltage sources of v,;, and v, respectively.

These voltages play a key role in controlling the MMC in different operating conditions. As per
Figure 2.1, the relationships between arm’s currents and AC voltages of the MMC, taking into

account the DC-link voltage and controllable voltage sources, can be expressed as,

vk+Lach;‘ +Ri, +L, “"*+R,uk ""’+v =0 2.1)
L +L Cihk +Ri, +L, dd;k +Ri, %—vlk ) (2.2)
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Figure.2.1. - The circuit diagram of the considered MMC-based model.

By summing (2.1) and (2.2), the basic dynamic model of the proposed MMC-based model can be

obtained as,

[2L+L,]dik+[2R+R,

5 Z 5 ]lk +uk +Vk:0 (23)

where i, + iy, = i;. The control factor of u; is equal to u;, = (v, — v;)/2 which reflects the
effect of both controllable voltage sources. In addition, the DC-link voltage term is eliminated
in (2.3). By applying KCL’s law in the determined points of A and B in Figure 2.1, the
relationships between the MMC’s arm currents and the DC-link voltage are stated respectively

as,

dv,,
dC dt

lua

=—(i, +i,+i,) (2.4)
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—4 = (i, +i, +i,) (2.5)

Considering circulating currents as i i, = (iyx — ix)/2 — iqc/3 and summing up equations (2.4)

and (2.5), the dynamic equation of DC-link voltage can be obtained as,

dvdc
de dt + lcira

+ icirb + l + idc = 0 (26)

circ

Thus, the dynamics of the proposed MMC in the abc reference frame can be obtained as (2.7),

2L+L,\di, | q
( 2 jdz —(ZR;Rfj 0 0 0 0 ol
2L +Lt dlb lb ua Va
( 2 )d, _ 0 —[ZR;Rfj 0 0 0 0 i | |ul|v
[M = jdic 2R +R, fo | |t ||V *7)
2 dt 0 0 - ’ 0 0 0], 0 Lac
i 0 0 0 1 -1 —pHreed
a ] - -
The park transformation matrix is considered as,
il cos(ax) cos(ax —2m/3) cos(ax +27/3) || m,
m, |==|=sin(@) —sin(a-27/3) —sin(axt+27/3)| m, (2.8)
m, 1/2 1/2 1/2 m,

In (2.8), the variables of ‘m’ represent all state variables of the proposed MMC. By applying the
Park transformation matrix of (2.8) to (2.7), the basic dynamic model of the proposed MMC-

based model in d-q frame is driven as,

[M]%J,(Mjid_w[wji 1, +v,=0 (2.9)
2 )t 2 2 )7
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2rl, iy (ORAR) | (OLALY 2.10)
2 Jdt 2 )¢ 2 e

+i, =0 2.11)

cir0

c, ey 3
dt

Equations (2.9)-(2.11) present a basic dynamic model of the MMC-based model. These equations
are used to propose the new dynamic model utilized to project the DFT-based control technique

and to evaluate the variation effects of controller inputs on flat outputs.

2.2.2 The Proposed DFT-Based Control Technique

The DFT as an effective nonlinear approach is used to design an appropriate controller to
represent the nonlinear properties of the proposed MMC-based model [67]-[70]. Flatness
properties were firstly introduced by Fliess et al. [70]. A nonlinear system can be called as a
flat one if all state variables, control inputs and a finite number of the control inputs time
derivatives of the nonlinear system can be stated based on the system outputs without any
integration [67]. For this flat system, the outputs are considered as the flat outputs. In the next
consequence, the output variables of the flat system should be achieved as functions of the
state variables, the input variables, and a finite number of their time derivatives. The
mathematical description of a flat system can be explained as follows. Considering the general

form of the system as (2.12),

X =f (x,u)
(2.12)
y=h (x ,u)
Based on the flat definition, (2.13) should be governed as,
y :g(x ,u,u',d',...,u(ﬂ)) (2.13)
Also, another property of a flat system can be written as,
x =y (y. 5.5y ®) (2.14)
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y=0(y. 5.5,y ") (2.15)

Based on these aforementioned descriptions, defining appropriate flat outputs, control inputs
and state variables of the proposed model as the basic requirements of the DFT is firstly
considered as follows. According to the basic dynamic model of the MMC, the DFT variables are

given as,

w=[u, w]=[u, wu,] (2.16)

Based on (2.16), the instantaneous active and reactive power of MMC defined as P=viq+V4iq and
Q=v4iq-Vvdiq (With v4=0), is determined as flat outputs. The relations between flat outputs and

MMC state variables can be expressed as,

ﬁ,x2=l//(y2)=_y—2 2.17)

x=y(n)=

d Va
According to DFT properties, the proposed MMC-based model is flat, if a set of state variables,
so-called flat outputs, from its dynamic model can be found. Therefore, the differential part
of the flat output can be expressed by determined state variables and control inputs without
any integration. Thus, through equations (2.9), (2.10), and (2.17), the dynamic representation

of specified flat outputs in the proposed control technique can be achieved as,

@_ —2R+R’vx+a)vx— 2 v — 2 2

d U \2L+r )t T 2L+ )t 2L+, ) (2.18)
dv, vy, (2R+R, 2 2 .,
=== — |\ttt —— VU, — | —— |V

a v, \2e+r ) anw ) e, ) (2.19)

Equations (2.17), (2.18) and (2.19) are used to attain the initial values of the control technique

inputs as,
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(2L+1L, \'/dyl_ 2R+R, »n 2L+L, @y, 2L+L, ).
U= — Va~| —Q— N

2 v 2 v, 2 v, 2v, (2.20)

2L+L, ). 2L+L \v,y, (2R+R, \y, (2L+L, \wy,
U, = Yy~ P —-
2v, 2 V] 2 v, 2 v (2.21)

d

In order to obtain a robust control system against the input disturbance, model errors, and

system uncertainties, proportional-integral errors of the flat outputs are defined as,
(yi (h)_yi (h))dh (2.22)

The flat output errors are entirely considered through e;; and e;, that can lead to designing a
proper controller for decreasing the various errors of MMC active and reactive power sharing.
The effects of the flat output errors on the proposed control inputs can be specified by the

stability evaluation of the following Lyapunov function as,

1, > L, 1,
E (enselzsezlsezz) ZEell toep e t-ey

2.23
2 2 2 223

The accurate operation of DFT with approaching the flat output errors to zero can be

guaranteed by stability analysis of (2.23). The derivative of (2.23) is driven as,

E (6115612 ’621’822) :ellell +612612 +621621 +622622
. . (2.24)
=el lell +elZell +eZleZI +622621

Equations (2.22) and (2.24) can be rewritten based on (2.18) and (2.19), as follows,
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(2.25)

By making flat outputs-based Lyapunov function globally asymptotically stable, (2.25) leads to

the proposed control inputs as,

v | 2RER
2L+l YT VaX 241, I —wy,
U, = (2.26)
2v, 2 5
- 211 v, te, +Ae,
2L+L | yy+V,x, + 2RHR ), o
u, = 2R TR T )T (2.27)

2v,

a

+e,, + e,

The proposed control inputs of (2.26) and (2.27) lead to the global asymptotic stability of flat

outputs errors-based Lyapunov function as,

E (611’612’621’622) :_/?'16121 _ﬂzezzl <0 (2.28)

With A, and A,>0, equation (2.28) verifies that the designed closed-loop control technique
driven from (26) and (2.27) can provide a stable operation of the proposed MMC-based model.
The block diagram of the proposed control technique is presented in Figure 2.2. The flat outputs
errors and their integral are calculated from the measured instantaneous active and reactive
power and the desired values of instantaneous power of the MMC as depicted in the block
diagram. In order to reach global results for the proposed DFT based controller, v, = v} for the

term of vj; and consequently v; = 0.
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(b)

Figure 2.2 - The proposed control technique of DFT (a) the component of u, (b) the

component of u,.

2.3 Effects of the Control Inputs Perturbations

The MMC control inputs u,; and u, aim to provide accurate tracking for the flat outputs. Thus,
the MMC operation through presenting suitable active and reactive power sharing is highly
dependent on the control inputs. The effects of control input variations on the flat outputs are
investigated in this section. By applying (2.17) to (2.18) and (2.19) and using the small signal
linearization technique, the relations between the perturbations of flat outputs and control

inputs can be achieved as,
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Ay, =F (s)Au, +F,(s)Au, (2.29)

Ay, =F, (s)Au, +F,(s)Au, (2.30)

The transformation functions (Fij(S)) presented in (2.29) and (2.30) are defined as,

2R+R, 2
—| s+ v,
( (2L+L, B(zug]

Fi(s)= A

- 2 v [0 2 1%

2L+L, )¢ 2L+L, )¢ (2.31)
Flz(S)=fa F21(3)=f
2R+R, 2

—| s+ v,

[ {2L+LZD{2L+L,]
Fy(s)= A

where the term of A in (2.31) is equal to,

Az([ﬂj]((ﬂjj & 2.32)
2L+1, 2L+,

Each transformation function of (Fij(5)> is used to show the effect of the control inputs on

their respective flat outputs. Furthermore, based on equations (29) and (30), each of flat
outputs is affected by both control inputs. The Bode diagram is used to evaluate the impact of
each control input on the flat outputs when the perturbation is being increased. The MMC
parameters given in Table 2.1, are used in this section. The effects of the control inputs are

separately considered as,

Ay, =Ay, ‘Au2=0 =F,(s)Au,,

Ay, =4y, ‘Am:o =F,(s)Au, 2.33)

Ay, =4y, Auy=0 =F, (s)Au,,

Ay, =Ay, ‘Aul:() =F,,(s)Au,
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Figure 2.3 shows the Bode diagram of the proposed flat outputs with the perturbation variations
of the first control input. As it can be seen from this figure, an increase in the perturbation of
the first control input impacts on the second flat output is more considerable than that on the
first flat output. It means that the perturbation of the first control input can lead to a
significant deviation of the second flat output from its desired value during the MMC operation.
The perturbation effect of the second control input is examined in Figure 2.4. As can be seen
from the curves in Figure 2.4, in comparison with the second flat output, the first flat output
is significantly affected by the perturbation variations of the second control input.
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Figure 2.3 - The perturbation effect of first control input on (a) the first flat output (b) the

second flat output.
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2.4 Simulation Results

To verify the effectiveness of the proposed control technique, a detailed model of the
aforementioned system as summarized in Figure 2.5 is implemented in the Matlab/Simulink. It
is worth mentioning that the discrete mode with a sample time of 50 microsec is selected to
execute the simulation of the MMC-based model in the Matlab environment. In order to assess
the performance of the proposed technique, a load step change is applied to the system.
Initially, in the steady state condition the MMC is regulated to provide the required power of
5.5MW+j2MVAR for a RL load. Then, in the load variation state, it is stepped up to 10
MW+j5MVAR.

2.4.1 Control Technique Effect Assessment

To assess the capability of the proposed DFT in a steady-state operation of the MMC, two time
intervals are considered in this subsection. The first load, given in table I, is used in both
operating conditions. In the first interval from 0 to 0.4, the control technique is applied to the
MMC resulting in a stable voltage as shown in Figure 2.6. Then, at t=0.4 s, the designed control
method is removed from the MMC. In consequence of the controller absence, the MMC SM
voltages deviate from their desired values as depicted in Figure 2.7. In fact, the lack of the
proposed control technique leads to an unbalanced and unstable voltage at PCC. Figure 2.8 and
Figure 2.9 show the corresponding active and reactive power sharing among the MMC, load and
capacitor filter. According to these figures, after removing the proposed control technique, all
active and reactive power experience severe transient responses with high fluctuations, unable

to track their reference values.

7 N .
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V== |MMC B e Load |
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. - Vg=0
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d
Y X

Values Dependent on
e
y Vi V) v
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Figure 2.5 - The single diagram of simulated model.
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Figure 2.9 - Reactive power of MMC, load and AC filter.

2.4.2 Load Variation Evaluation

To evaluate the dynamic operation of the proposed control technique during transient state
due to changes in loads connected to the PCC, MMC variables consisting of the flat outputs,
output and SM voltages are taken into account. The proposed MMC model parameters for

relevant loads are given in Table 2.1.

Figure 2.10 shows the SM’s voltages of the phase “a” for a load change at t=0.4s. It can be seen
that in spite of the load change the upper and lower SM’s voltages maintain their reference
values after a short transient period. In addition, the PCC voltage of phase “a” is illustrated in
Figure 2.11. According to this simulation result, the proposed MMC model performs properly to
maintain the output AC voltage regardless of the slight undershoot and overshoot due to a load
variation at the starting point.

Table 2.1 - The proposed MMC model specifications with related loads

Le (mH) 20 (N) 6

L (mH) 45 f(Hz) 50

C (mF) 20 Cs (mF) 0.6
R: (D) 1 Load Active Power | 5.5 MW
R (T) 0.1 Load Reactive Power | 2 MVAR
Ve (V) 36000 Load Active Power Il 4.5 MW
Vi (V) 20000 Load Reactive Power I 3 MVAR

26



vsmau( 1 -6)(kv)
o)

| | |
| | | | | |
== === === [ A== === Tt === I —
| | | | | |
| | | | | |
4 | | | | | |
g0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

vsmal(l 6)(kv)

N
|
|
|
|
|
|

Lo - - -,--4
|

L__ - CC__1__ ]
|

I ey
|
|

] — s e T -
A |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time[s]
Figure 2.10 - SM’s voltages of MMC with load variations at t=0.4 s.
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Figure 2.11 - PCC voltage of phase “a” with load variations at t=0.4 s.

The flat outputs including active and reactive power values are shown in Figure 2.12 and Figure
2.13. In steady state operation, the active power of the MMC follows properly the active power
of load and the AC filter capacitor as depicted in Figure 2.12. Moreover, it can be seen from
the responses during the time interval of [0.4, 0.8] that the proposed control technique is able
to maintain the stability of the active power of the MMC after a short transient period. The
MMC reactive power performance as the second flat output is evaluated in Figure 2.13. The
reactive power demanded from the load to maintain PCC voltages can be appropriately

provided by the proposed MMC model through the AC filter capacitor.
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Figure 2.12 - Active power of MMC, load and AC filter with load variations at t=0.4 s.
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Figure 2.13 - Reactive power of MMC, load and AC filter with load variations at t=0.4 s.

2.4.3 Parameters Variation Evaluation

As discussed earlier, the proposed control technique can operate well under parameter
variations. As per the MMC parameter patterns in both states presented in Table 2.1 and Table
2.2, SM’s voltages of the MMC can be satisfied as shown in Figure 2.14. It should be noted that
although the SM’s voltages experience an undershoot immediately after parameters variation

time, the reference values of this voltage can be followed by the MMC after a short transient

period.
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This confirms approaching the negative effects of the parameter variation to zero. While

parameters variation takes place, the output voltage of MMC in phase “a”

is involved with a

short transient time as shown in Figure 2.15. Then, a sinusoidal pure waveform is achieved for

MMC output voltage due to the stable operation of the proposed control technique.

As renewable energy systems are expected to make a significant contribution to supply

worldwide electricity in a more secure and economic way, it is essential to carry on verifying

the effeteness of control systems under the condition that there is an imbalance the generated

and the consumed power. This research may be regarded as a basis for the development of

modular multilevel converters and controllers in grid-connected systems to provide a long-term

energy security.

Table 2.2 - The second parameters for the proposed MMC model

L,,(mH)

L,(mH)

35
30

R,,(Q)
R,(Q)

2.5
0.22

Vsmau( 1 -6)(kv)

Vsmal(l-é)(kv)

0.8

Figure 2.15 - PCC voltage of phase “a” with parameters variations at t=0.4 s.
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To evaluate the ability of the proposed MMC-based model at reaching the desired value of its
flat outputs under parameter variations, following scenario is given through Figure 2.16 and
Figure 2.17. The MMC first operates in a steady state in which the MMC and the load active
power approach to its target values. Then, after a parameter variation, the active power of
the MMC, introduced as the first flat output experiences temporal fluctuations which will be
attenuated after some short time cycles. In fact, the proposed control technique offers stable
active power for the MMC, the load and the AC filter capacitor. In addition, the proposed
technique contributes to provide the reactive power known as the second flat output of the
MMC even parameter variation happens. As can be seen from Figure 2.17, the transient
waveforms of the load and MMC reactive power during parameters variation can be damped

and subsequently the desired reactive power can be achieved.

Py(W)

1
&g 07 0.8 0.9 1 1.1

Figure 2.16 - Active power of MMC, load and AC filter with parameters variations at t=0.4 s.

Figure 2.17 - Reactive power of MMC, load and AC filter with parameters
variations at t=0.4 s.
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2.5 Chapter Conclusions

This chapter addressed the differential flatness theory (DFT) used to control a modular
multilevel converter (MMC), as a new contribution to earlier studies. Using the basic dynamic
model of MMC in a d-q reference frame as well as defining appropriate flat outputs, new flat
outputs-based dynamic equations were achieved. Then, these equations were used to obtain
an initial value for controller inputs. In order to guarantee the stable operation of the MMC
against the input disturbance, model errors and system uncertainties, a control Lyapunov
function based on integral-proportional errors of the flat output was employed. In addition, the
small-signal model of the flat outputs-based dynamic equation was developed and then the
variation effects of controller inputs on flat outputs were accurately assessed. To evaluate the
effectiveness of the proposed DFT-based control technique, Matlab simulations were carried
out under challenging conditions, namely variations in parameters and load. The simulation
results validated that the proposed control technique upholds the voltage levels accurately
through providing active and reactive power. Overall, this novel DFT-based control scheme
offered an efficient control design which can be upgraded to a varied range of complex

converter topologies used for renewable energy applications.
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Chapter 3

A Multi-Loop Control Technique for the Stable
Operation of Modular Multilevel Converters in
HVDC Transmission Systems

A multi-loop control strategy based on a six-order dynamic model of the modular multilevel
converter (MMC) is presented in this chapter for the high-voltage direct current (HVDC)
applications. For the initial analysis of the operation of MMC, a capability curve based on
active and reactive power of the MMC is achieved through a part of the six order dynamic
equations. According to the MMC’s control aims, the first loop known as the outer loop is
designed based on passivity control theory to force the MMC state variables to follow their
reference values. As the second loop with the use of sliding mode control, the central loop
should provide appropriate performance for the MMC under variations of the MMC’s
parameters. Another main part of the proposed controller is defined for the third inner loop
to accomplish the accurate generation of reference values. Also, for a deeper analysis of the
MMC’s DC link voltage stability, two phase diagrams of the DC-link voltage are assessed.
Matlab/Simulink environment is used to thoroughly validate the ability of the proposed control
technique for the MMC in HVDC application under both load and MMC’s parameters changes.

3.1 Introduction

The modular multilevel converter (MMC) topology has been a subject of increasing importance
because of its special characteristics such as easy replacement of fault sub-modules (SMs),
centralizing the distributed energies, modular structure, very low harmonic components and
power losses, and also decreased rating values [18], [38], [71]-[73]. The MMCs have been widely
utilized in various voltage/power levels of growing applications such as solar photovoltaic [74],
large wind turbines [75], [76], AC motor drives [63], [77], high-voltage direct current (HVDC)
transmission systems [39], [78], DC-DC transformers [79], battery electric vehicles [78],
distributed energy resources (DERs) [43], [55], and flexible AC transmission systems (FACTS)
[80]. Many researchers have focused on the control and modelling issues of the MMCs in various
applications in recent years. Reference [81] deals with the fault condition of the MMC and tries
to provide normal performance for the MMCs by the help of an energy-balancing control.
A binary integer programming based model predictive control for the MMCs is proposed in [82]
to optimize the multi-objective problem with minimum computing effort related to the control

method.
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A closed loop-needless PID controller along with increasing the arm inductance are considered
to evaluate the effects of output voltage and current total harmonic distortion (THD) response
in a modular multilevel converter [83]. Reference [84] presents a control strategy based on
calculating the differential current references to provide desired operation for the MMCs in
HVDC applications. Various dynamic models of the MMCs and their limitations in presenting
robust control methods for these converters are investigated in [85]. In this work, a complete
derivation of the proposed switching state functions without losing any circuital characteristics
of the converter is accomplished and a switching-cycle control approach proposed based on
unused switching states of the MMCs. A modulation technique is proposed in [60] based on a
fixed pulse pattern fed into the SMs to maintain the stability of the stored energy in each SM,
without measuring capacitor voltages or any other sort of feedback control. It also removes
certain output voltage harmonics at any arbitrary modulation index and any output voltage
phase angle. A current control design for independent adjustment of several current
components and a systematic identification of current and voltage components for balancing
the energy in the arms of an MMC is presented in [86]. In [87], a control strategy based on
adding a common zero-sequence voltage to the reference voltages is proposed for balancing
the arm currents of the MMCs under unbalanced load conditions. To reach it, a relationship
between the DC-link active power and AC-link average active power is achieved and then, the
DC component of the arm current is calculated through the AC-link average active power in the
corresponding phase [87]. In the medium voltage systems, the energy storage can be embedded
in MMC that causes several SMs to operate at significantly lower voltages [88]. In the structure
presented in [89], the low-frequency components of the SM’s output currents are removed by
utilizing the interfaced batteries through the non-isolated dc/DC converters. Control algorithms
proposed in this work are developed to balance the state of charge of batteries. A compact and
clear representation of differential equations is obtained for the MMC by introducing two
nonlinear coordinate transformations in [90]. In the proposed model, two candidate outputs
leaded to the internal dynamics of second or third order and a quasi-static feedback generates
a linear input-output behaviour. Other different aspects of MMC application in HVDC system
such as DC fault and DC solid-state transformers operating conditions are assessed in the
references of [91]-[94].

In many existing methods, simultaneously having robustness against MMC parameters changes
and also having very good dynamic tracking responses against the MMC’s load changes have not
been considered in their designed control techniques. But, in this work, a multi-loop control
strategy is aimed at providing a stable operation of the MMCs in HVDC application under both
MMC’s arm inductance and resistance parameters variations and also loads changes as well.
This the first feature of the proposed controller that can increase the stability margins

of the MMC performance with existence of more variations.
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According to the achieved six order dynamic equations of the MMCs, firstly the outer loop
formed by passivity based control technique is introduced to enable the convergence ability of
the MMC’s state variables for its reference values in dynamic changes. Then, sliding mode
controller is used to prepare the MMCs for stable operation against the MMC’s parameters
variations as the central loop of the proposed controller. The inner loop is employed to help
other loops have accurate reference values for its used state variables that as another feature
of the proposed controller, can generate instantaneously the needed references values of both
MMCs in various operating conditions. Also, a capability curve is obtained to specify the
allowable area of the MMC’s active and reactive power generation in HVDC application and also
R and L variations effects on the curve are evaluated that can provide some control
considerations to understand more about the simulation results of the MMC’s performance.
Stability analysis of DC-link voltage is done in final part of this chapter. Simulation results
executed by Matlab/Simulink demonstrate the validity of the proposed control strategy in all

operating conditions.

3.2 The Proposed Differential Equation of MMC

Figure 3.1 (a) shows the proposed HVDC system which is consisted of two back-to-back MMCs.
The AC-side of the MMC1 comprises AC-system-1, a line with inductance of L and resistance of
R, a three-phase step-down transformer and the input inductance and resistance of the MMC1.
DC power is produced by MMC1 and then MMC2 uses this power to act as an inverter in HVDC
structure. The resistance of R, represents total switching loss of MMCs which is paralleled with
DC link. The AC-side of the MMC2 consists of the output inductance and resistance, an AC filter
to trap dominant switching harmonics, a load and a three-phase step-up transformer. The
employed MMCs are shown in Figure 3.1 (b). A half-bridge converter is the same SM in which
three states are appeared for each SM as: (1) switch Sgp),j1is ON (S(ul)ka = off), in which the
output voltage of the SM is equal to vsnpkj, (2) sWitch Sgpijz 15 ON (Seikji = of f) and
consequently the SM’s voltage becomes zero, and (3) as standby state, both upper and lower
switches are not controlled (S(ul)kjl = Stukjz = off) and the capacitor of SM is pre-charged.

Two first states will be considered in this chapter.
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Figure 3.1 - Schematic diagram of the MMC-HVDC system. (a) Single-line diagram model and
(b) circuit diagram of the back-to-back MMC.

3.2.1 Proposed Six Order Dynamic Model of MMCs

It can be realized from Figure 3.1(b) that the capacitor voltages of SM play a key role at
generating DC-link voltage. Consequently, to regulate DC link voltage, v,,; should be
accurately controlled. The dynamic equation based on the MMC’s currents can be achieved by
the use of the Kirchhoff's voltage law (KVL) for Figure 3.1(b) as,
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diy o iy o Va
Vy +L72+Rl"f +Lp7i+R”l”"7 —7+vu,g. =0 3.1)

di, diy,
v, +L—-+Ri,—L —~—Ri

v
i+ —y =0 (3.2)
P dt Pk 2 Uk

The MMC currents based dynamic model can be driven by summing up (3.1) and (3.2) as,

L, \di, R,
L+7 7"' R+T lkj +ij +ukj1:O (33)

where,u,;; can be calculated as,

(Vukj ;Vzkj ) (3.4)

U =

To properly control the MMC currents for reaching desired values of active and reactive power
sharing, DC-link voltage and SM voltages, the switching function of (3.4) is employed. Next
important goal is decreasing the circulating currents of the MMCs which can be written as,

;g thy g (3.5)
cirkj 2 3

The power losses of MMCs, the ripple magnitude of capacitor voltages and the total MMCs cost
are increased because of existing circulating currents. By subtracting (3.1) from (3.2) and using
(3.5), the circulating currents based differential equations can be achieved as (3.6),

i

di ... Y
L, d”" +R i TR, "3"’ = ; +it,;, =0 (3.6)
t
where, wu, j, is defined as,
_ Vs Vi) (3.7)
Uiz _#
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According to points of A and B in Figure 3.1(b), the connection amid DC link voltage dynamic

and MMC’s arms currents is given as,

dv, v
P +Zluk1 +Zlukz (3.8)
dt "
dv v b,c ) b,c )
C, —de. +i+Z:l[k1 +lek2 =0 (3.9)
d R, —

By summing up (3.8) and (3.9) and using (3.5), DC link voltage dynamic can be written in terms

of DC link and circulating currents as (3.10),

dv v be
d d ; : -
e +—C+sz,q +i,, +i,,=0 (3.10)
d R, =

Noting the switching states of SMs, the dynamics of voltage of SMs for the lower and upper arms

can be summarized as,

C

dvsm(ul)kj — { i(ul)k' S(“/)kjl =on (3'1 1)
1

dt .sm(ul -0 8§ (ul)kj1 = ff

According to (3.11), and considering an appropriate approximation for the operation of the
symmetrical voltages of capacitors of SMs in two arms, dynamic of output voltage of SMs can
be deduced through the MMCs or circulating currents. It leads that the proposed controller
effectively be involved in an effective balanced condition for the SMs capacitors in different
operating conditions. By transforming equations (3.3), (3.6) and (3.10) into dq reference frame,
the proposed six order dynamic model of the MMCs in HVDC applications can be driven as,

L, \di, R, ). L.
L+—+ d—t-+ R+7 iy —@ L+7 i, iy +v,; =0 (3.12)
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L \di. R L (3.13)
L+—+|—2+ R+7p i, T L+7p iy, +v,=0

2 ) dt
i (3.14)
L, dt F Ry — OL g+t =0
i (3.15)
LP dt * RPlcirqj + wLPlCi’ dj + quz - O
di.,: 32y 10
cirQj . de =
Lp & + Rplcii‘oj + U0j2 - 5 +\/5Rpldcj =0
dvdc vdc . . . 4 / (3 ! 7)
eq 7 +—+ (lcirdj + lcirq/ + lcirOj ) + Lict + Liecx = 0

dc

3.2.2 Capability Curve Analysis of MMCs Active and Reactive Power

The MMC’s potential in injection of maximum power is presented in this section. Based on
Figure 3.1 (b), the MMCs DC-link and the AC side voltages are related to each other in d-q
reference frame according to following equation,

Vactacg = Vaylay + Vayly (3.18)

By considering Figure 3.1(b) and applying KVL’s law to the AC side of the proposed MMC based
HVDC system, the relation between the output and AC-side voltages of the MMC in dq reference

frame can be achieved as,

diy,
Vag =vdj+Ld—;"+Ridj—wLiqj (3.19)
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di .
Vi = Vy +L—j’+ Ri, + wLi, (3.20)

By substituting (3.19) and (3.20) in (3.18) and also assuming diq)/dt = I4yaq), the following

equation of a circle is driven as,

2 2 2 2 .
C Mg vy Y Lyt ) (LLyy +vy ) +(LLpy +vy) +4Rvyigy .21
Y7 2R v 2R ) AR \

The (3.21) determines the operation area of MMC’s currents in d-q reference frame. By
considering the MMC’s active and reactive power as P; =vyjiy; and Q; = —vgy;i4; and
substituting in (3.21), the power curve of MMC in the proposed HVDC system can be obtained
as [40],

22 2
p oy Hoava Ve | | 0 _HayVy tVaVe |
J 2R d 2R

(3.22)
52 2 S
(le,djvd/. +vdj) +(Llwq/.vdj +vq/.vdj) T ARVl Vi

4R?

The power curve of the proposed MMC based HVDC system in (3.22) is drawn in Figure 3.2 (a).
It can be understood from this figure that the maximum and minimum amount of the MMC’s
active and reactive power are completely dependent on MMC’s output parameters and also
operation of the proposed MMC through the proposed controller. According to this figure, the
center and radius of the power curve are definitely changed by MMC’s output parameters, DC
link specifications and also output currents and voltages of MMC in d-q reference frame. Figure
3.2 (b) and Figure 3.2 (c) show the various parameters effects of the MMC on the power curve.
As can be seen, increasing the MMC’s resistance (R) causes the power curve to become smaller
with decreasing the radius and center. On the other hand, the scenario gets inverse when the

MMC’s inductance (L) increases as depicted in Figure 3.2 (c).
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Figure 3.2 - (a) Power curve of MMCs (b) R and L changes effects on MMCs power curve [27].

3.3 Control Discussion

In this section, the sequent of designing process for the proposed multi-loop control technique
is discussed in detail. The general aims of the proposed controller for the MMCs in HVDC
applications are making stable operation under presence of both load and MMC’s parameters
changes that should be provided through the proposed three control loops i.e., outer, central
and inner control loops (OLC, CLC, and ILC). OLC is aimed at leading the dynamic errors to
attain zero value. The stable operation of the systems is assured with the CLC. Finally, the ILC

provides reference currents for the both MMCs.
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3.3.1 The Design of Outer Loop Controller (OLC)

The outer loop controller is designed in this sub-section to provide the ability of tracking the
reference values of the MMCs state variables for final proposed controller with the existence
of load changes. The Passivity based control technique is used in this section. Firstly the

proposed six order dynamic equation of (3.12)-(3.17) is presented as (3.23),

deqO./‘

YZI‘IOJ dt +qu0deq0j +qu0j +0dq0j +Yd 0 (3.23)

q0j —

All the matrixes used in (3.23) are presented in Appendix A. The proposed error vector of the

MMCs is written as,

quOj = quOj - Q;q()j
(3.24)

. E E o . .* . o « T
- I:ldj - ldj lq/' - lq/' lcirdj - lcird/ lcirqj - lcirqj lcirOj - lcirOj vdc - vdc ]

To reach an effective error vector for OLC, the main control aims of regulating MMC power, DC
link voltage and AC voltages should be considered in calculating its reference values. Using
(3.23) and (3.24), the description of MMC closed-loop error differential equation can be

achieved as,

dz,,. d0,; \
Ly - + X0 Zago; = _quOAi Y0, = Fugo, _LEqOJ djoj +qu0deq0j (3.25)

dt

Based on passivity control theory, injecting series resistances to the MMC closed-loop error
differential equation can significantly enhance the convergence rate of outer loop controller.

Equation (3.26) is used as series resistances,

R, 0 0 0 0 0
O R 0 0 0 0
O 0 R, 0 0 0
Rwi=lo 0o o ®, 0o 0 (3-26)
o 0 0 0 R, 0
00 0 0 0 (R)
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The completed closed-loop error differential equation of MMC can be obtained by adding the

term of Ryq0jZaq0; into the both sides of (3.25) as

dz
T, —44x 7 +R 7

dq0j dt dq0jdq0 dq0j dq()/

dQ;qO J
dt

(3.27)
_quo,' - quol,' _quol,' _{zlqu dqo,quo, qujquO]]

The desired operation of outer loop controller can be achieved by Z;,,; — 0. Thus,

T .dZ”’q"f +X, 7

dq0j dt dq0j*dq0j

+R

dq0j

zZ

w0, =0 (3.28)

By applying (3.28) into (3.27), the proposed state variable error-based equation of outer loop

controller can be obtained as,

A0}, :
quoj dq0j quOj _(quj dtq : +quo,quoj' _quoj'quoj' =0 (3.29)

Equation (3.29) is used to reach the usable modulation functions of MMCs in outer loop

controller as (3.30).

0},
qu/ quO/ dq0j (qu()j d: : +quO/qu0/ qujquOj (330)

The Direct Lyapunov control theory is employed to prove that the proposed MMC’s closed-loop

error differential equation of OLC is stable. Thus, the Lyapunov function can be defined as,

1 L 1 L 1
B (Za) =3 4l #3123 )

+1Lp (Z

2 cirqj

(3.31)
1
)2 +_Lp (ZcirOj )2 +5C (ch )2
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The error variables of z are the same defined in (3.24). To prove the globally asymptotic
stability of (3.31) against the undesirable disturbances, the derivative of (3.31) in the state

variables trajectories should definitively be negative. Therefore,

dE, .. L \dz, L \dz, dz,,
d: ! (quo_/):£L+7”j dtj z;+ L+7‘” 7;”2[”+Lp o L Z g
+L chirqj z +L chirOj P +C dch dquOj Z (332)

p dt cirqj P dt cir0j eq dt ch = dq0j dt dq0j

Z

dq0j

:—(X 7 +R, 7

dq0j“dq0j dq0j quj)

The error variables based equation of (3.28) can be used to demonstrate that the terms
generated by injection resistances in (3.32) are more dominant than other terms. Consequently,

(3.32) can be summarized as,

dE

dq0j _
dt (quw) - _quoAdeququo/‘

=R, (2 )2 R, (2, )2 =R (Zera)

_RcirOj (th'rOj )2 - (Rdc/' )71 (ch/ )2 <0

2

_Rcirqf (Zcirqf)z (3.33)

The global asymptotical stability of the proposed outer loop controller can be guaranteed by
(3.33). The proposed outer loop controllers of both MMCs used in HVDC system can be illustrated
in Figure 3.3. To regulate the MMCs currents for accurate active and reactive power sharing,
Figure 3.3 (a) is employed in OLC. On the other hand, to minimize the MMC circulating currents,

Figure 3.3 (b) can be used in the global structure of the proposed outer loop controller.

3.3.2 Design of the Central Loop Controller (CLC)

In order to design a central loop controller with robust features, sliding mode controller is used
in this sub-section to make a stable controller against MMC parameters changes. A time-varying

sliding surface with strong relative degree g, is considered as (3.34),

d gl
Sagos (6 Z ;) = (EJF kdqoj'j Zago; (3.34)
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Figure 3.3 - The proposed outer loop controller for (a) MMCs currents (b) MMCs circulating

currents.

The arbitrary constant values of k,q0; help CLC have a faster reaction against any parameter
change. By the help of (3.34) and also selecting the relative degree 1 for i,,; and i -, MMCs

and circulating currents can have the reference sliding surfaces of (3.35) and (3.36),
respectively as,
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i (8 245) = Zays =y s (3.39)

&

S

dg0;2 (t’ Zerdg0, ) = Zeir(dgo)j ~ Leir(dgo)j ~ Lir(dq) (3.36)

The derivative of the reference sliding surfaces should be considered to provide the desired
motion for MMCs and circulating currents on the sliding surfaces. Consequently, (3.37) and

(3.38) can be achieved as,

*

dz ... di ... di ..
(da)j _ “(dq)j  “Mda)i _ .
dt  dt dr Yiaq); SE1 (Z(dq)j) (3.37)
ch,-r(qu),- B dl'cir(qu)_,- _ dl'ci,(qu)j _ < n(z ) (3.38)
i dt dr W cir(aq0); S8\ Zeir(aqo)

Using the sign function and also choosing properly ¥44); and ¥irq0);, €an lead to improving
the operation of central loop controller against MMCs parameters. The global structure of the

proposed central loop controller for both MMCs and circulating currents is shown in Figure 3.4.

The Lyapunov function of (3.39) is introduced to evaluate the stability of the central loop

controller performance by considering the sliding law of (3.35)-(3.38) as,

J(0) =%(zd,)2 +%(ij ) +l(zm,j ) +l(zmq/. ) +l(zmoj ) (3.39)

2 2

2

I .
cird.
- < ) q]

S z <0

cirdq
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Figure 3.4 - The Proposed Central Loop Controller for (a) MMCs currents (b) MMCs circulating

currents.
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The equation of (3.40) is achieved by differentiating (3.39) in the trajectories of MMCs and
circulating currents as,

aJ(Q)  dz,  dz, 2,y dz

=z, +z + 2, +2z,. Zoivo
dt L L 7 dt o dt

_qul//qj Sgn (qu ) - Zcirdjl//cirdj Sgn (Zcirdj ) - Zcirq/’l//cirq/‘ Sgn (Zcirq/' ) - ZcirOjl//cirOj Sgn (Zcir()j ) < O

cirgj chirOj

=-z,¥, sgn(z,,j) (3.40)

Since Z,; sgn (ij)becomes positive or zero value in each condition, the equation of (3.40) is
definitely negative or zero. Thus, according to direct Lyapunov method, the proposed sliding
mode based loop controller has stable operation in all its operating conditions.

3.3.3 The Design of Inner Loop Controller (ILC)

As discussed, the MMC2 acts as an inverter and also is responsible to supply nonlinear loads
connected to the AC side of the MMC2. The d and q components of nonlinear load currents can
be expressed as,

il(dq) =1y, +Zil(dq)h (3.41)

The term of I;,4, is the fundamental component of load currents in d and q reference frame
that is dependent on the MMC’s CC. To specify the maximum values of 1,4, in which MMC is
able to supply, the proposed CC can be used. If the total harmonic components of load currents
in d-q reference frame are stated as (3.41),

@ 442

Zil(dq)h = il(dq) 1- (3.42)

h=1 $F gy

A LPF-based transfer function is used in (3.42) to obtain the harmonic components of load
currents in the MMC2 side [95]. To perform a precise active and reactive power sharing of the
MMC2, extracting properly the harmonic components is very important and thus an appropriate
process of designing inner loop controller must be done as shown in Figure 3.5 (a). This figure
is contained PI controllers as well as LPF in which their gains and cut-off frequency should be
properly considered. The process of achieving the MMC1 reference values is illustrated in Figure
3.5 (b). As shown in Figure 3.5 (b), to complete the MMC1 reference values, the total reactive
power of MMC1 loads Q;, is used.
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Figure 3.5 - The Proposed Inner Loop Controller for (a) the MMC2 reference currents (b) the

MMC1 reference currents.

3.4 Convergence Evaluation and Stability Analysis

In this section, the ability of MMC2 in load compensation is investigated based on a transfer
function established from the Figure 3.5 (a). Then, the DC-link voltage stability of the proposed

model is assessed based on the dynamic equations obtained from Figure 3.1 (b).

3.4.1 The Load Compensation Capability Analysis of MMC2

In order to evaluate the capability of MMC2 for tracking the reference current components in
d-q frame, the ratio of iy4, and iz,, are defined as the objective functions. Following equations
describe the relations between the load current and the maximum value of currents of the

MMC2 at the fundamental frequency,

. . . _ dqmax2 .
Lagr = Oiggs s Tagmax2 =p — | (3.43)
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By combination of (3.43) and the equation obtained from Figure 5 (a), following transfer

function can be achieved,

H, .(s)= i,,ng _ 68qu3 + Egdq (a)qu t Wygmax2 )S2 + é:dqwdqzwdqmaxzs
dq2 -
! Ly [(a=1)s"+ (((Jz+ﬂ)a)dmaxz (@2 + Dygmz )+ @i (a—l))s2
+((ﬂ_1)wdq2wdqmax2 +(a+ﬂ)a)pdq2wdqmax2 - a)pdqz (a)dqz + wdqmaxZ))S

+ (ﬂ - 1) wpdqzwdqzwdqmax2

(3.44
)

Equation (3.44) can be used to specify appropriate values for the utilized LPF, PI controller
gains, @ and B. For a normal operation, the values of @ and  are almost in the range of 0 and
1, and also the LPF has the cut-off frequency of wgg, = Waqmax2 = 27fc(fc = fs/2), which
promises the extraction of the DC part and also low harmonic components from the nonlinear
load currents. Consequently, by analysing the transfer function of (3.44), the proportional and

integral gains of the Pl controller (i.e.,1/$4, and wyqq/$4q) can be calculated.

3.4.2 Dynamic Model Analysis of the DC-Link Voltage

Dynamic model analysis of the DC-link voltage is investigated to validate the appropriate
performance of the proposed HVDC model shown in Figure 3.1 (b). By applying KCL’s into the

point A, following equation can be obtained [40],

— = ti, —i, (3.45)

The relationship between the MMCs DC-link and AC side voltages is presumed to be: igz v, =

Vaejlaj + Vgejlqj- Then, (45) can be rewritten as,

av, = Ve (thlldl TVonlg ) _(thzldz +Vqt2lq2) (3.46)

“ dt R, v,

c
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By neglecting the instantaneous power on impedances of MMCs, the term vy, iq; + vgejiq; is

approximately equal to v,i,;; and consequently, (3.46) can be simplified as,

2
] dvdc — _vdc + Rdc (Pl - P2) (3'47)
“dt R,v,

The zero dynamic stability of (3.47) is studied to verify the internal stability of the proposed
model. The zero dynamic value of DC-link voltage is obtained by dv}./dt = 0. Therefore,

V;c = R;c (})1* - Pz*) = \/R_;c (i;l";1 _i;2V;2) (3.48)

Equation (3.48) confirms that the desired value of DC-link voltage does entirely rely on the
accurate control of active power for the MMCs. In addition to the precise values for the d-
component of MMCs currents, the output AC voltages of MMCs required to be finely regulated
in order to achieve a desired DC-link voltage. To plot the phase diagram of the DC-link voltage,
(3.47) is rearranged as,

dvdc _ _vjc +Rdc (Pl _P2) _ _Vjc +a

dt R,C,v, bv, (3.49)
a :Rdc (Pl _PZ)’b :Rchdc

The phase diagrams for dynamic equation of the DC-link voltage are depicted in Figure 3.6. As
can be seen, the zero dynamic value of HVDC system DC-link voltage is completely stable in
both states, which confirms that the proposed HVDC model reaches a desired DC-link voltage in
different operation scenarios.
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Figure 3.6 - The phase diagrams of the DC-link voltage (a) a>0 and (b) a<0.

3.5 Convergence Evaluation and Stability Analysis

The ability of the proposed multi-loop controller is evaluated in this section. For this, a three-
level MMC-HVDC system is considered based on the proposed model in Figure 3.1 (a) and is
modelled in the Matlab/Simulink environment in discrete-time mode with sample time of 20us.
Stringent and comprehensive simulation results are provided in this section, alongside a solid
mathematical background, to validate operation of the proposed control technique in HVDC
power system. Simulation results are presented in order to confirm high performance of the
proposed control technique in DC-link voltage control, capacitor voltage balancing, and
circulating current minimization. In addition, performance of the proposed MMC-based HVDC
model in Figure 3.1 (a) including power and control subsystems are evaluated under various
operating conditions. System parameters are provided in Table 3.1 and the schematic diagram

and principle of the proposed control technique in MMC-HVDC system is shown in Figure 3.7.

Table 3.1 - Simulation Parameters

fac 60 Hz C 25mF
fs 10 kHz Csi 615uF
v 42kV R4c 4kQ
de
Ve 14kV PeO* 150MW ,75MVAR
Lk 25mH Transformer 23kV/130kV
power rating (A7Y)
Rik 10 load | of MMC1 65MW,-20MVAR
Ly 6mH load Il of MMC1 70MW,80MVAR
Ry 0.3Q load | of MMC2 20MW,7MVAR
n 3 load Il of MMC2 30MW,20MVAR
Grid Resistance 0.3Q HVDC line Inductance 10 mH
Grid Inductance 3 mH
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Figure 3.7 - Block diagram of the proposed control technique for the MMC-HVDC system in
Figure 3.1.

3.5.1 The Load Variations Based Assessment of the Proposed Control Technique

Dynamics and steady state responses of the proposed model including assigned parameter
values in table | are evaluated in this subsection. The scenarios for evaluation of OLC and ILC
performance during the load changes are defined as following. At the beginning, in the time
interval of 0<t<1/2 sec, a 65MW-j20MVAR load and a 20MW+j7MVAR load are connected to the
AC sides of MMC1 and MMC2 respectively and the MMCs are supplying these loads in the steady
state operating conditions. This process is continued up to t=1/2 sec where a step load
increment is occurring for both MMCs so that in the time interval of 1/2<t<1 sec, a
70MW+j80MVAR load and a 30MW+j20MVAR load are added to the prior loads of MMC1 and MMC2
respectively. The phase “a” of the upper and lower switching functions of MMCs can be seen in
Figure 3.8. As it can be observed from this figure, the upper and lower switching functions of
MMC2 experiences a little more transient response because of more responsibilities of MMCs in
supplying load variations. These switching functions are employed for SLPWM of MMCs in HVDC
system. Figure 3.9 shows the DC-link voltage of the system, which is subject to the change of
power demand. However as evident, it is regulated with minimum fluctuations (maximum 0.05
kV) around its nominal value at 42 kV. In addition, during the entire processing time, the SM
capacitor voltages of both MMCs are kept balanced around their desired values of v,./3 (vg4./N

for N = 3) with very low ripples considering its response to the power variations.
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Figure 3.10 shows three phase balanced AC voltages of MMCs in the proposed HVDC system in
the steady state operating condition. As shown in this figure during load variations, the AC
voltages of MMCs maintain sinusoidal waveforms without any noticeable distortions. The quality
of the proposed control technique to minimize circulating currents of converter arms is
demonstrated in Figure 3.11. As given in the figure, the circulating currents of MMCs are
reduced to small values during both dynamic and steady state operating conditions. The
dynamic response of the proposed control technique to the step variations in active and
reactive power commands is shown in Figure 3.12. As it can be seen, MMC1 is almost set at the
desired values with 65 MW and -20 MVAR. MMC2 produces the active power required for line
resistances and nonlinear load | and also sinks the reactive power generated by the output filter
to allow the voltage to settle the desired output voltages as depicted in Figure 3.10. Injected
active and reactive power from MMC1 follows the load power variations, which confirms merits
of the proposed OLC and ILC closed-loop controllers in control of interfaced MMC in the

proposed HVDC model.
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Figure 3.8 - The upper and lower switching functions of phase “a’ of (a) MMC1 (b) MMC2,
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Figure 3.10 - MMCs AC voltages with load changes.

Figure 3.12 indicates the capability of the proposed control technique to pursue a consecutive
increment t hrough MMC2 during the dynamic operating condition. As it can be seen, MMC2 is
able to generate required active power of additional loads with a short transient time. Reactive
power changes of MMC2 is proportional to output filter variations for reaching a balanced three

phase voltage.
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3.5.2 The Parameter Variations Based Assessment of the Proposed Control

Technique

The designed central loop controller operation of the MMCs once dealing with the parameter
change is evaluated in this subsection. Figure 3.13 shows the changes in resistances and

inductances of MMCs considered in this sub-section.

Figure 3.14 illustrates the upper and lower switching functions of the phase “a” of MMC1 and
MMC2 under parameters changes. For both upper and lower switching functions, more transient
state can be seen in the middle of the MMC’s parameters changes and more stability is governed
in the other time interval of MMC’s parameters variations. The DC-link voltage of the proposed
HVDC system and SM capacitor voltages of MMCs in presence of MMC parameters variations are
depicted in Figure 3.15. Based on this figure, the reference values can be followed by the
proposed controller with allowable transient response which verifies the accurate operation of
both designed CLC and ILC.
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In this condition, three phase balanced AC voltages can be properly generated by MMCs as
shown in Figure 3.16. The MMCs circulating currents are shown in Figure 3.17. According to this
figure, the proposed controller is able to minimize MMCs circulating currents within acceptable

values along with slight transient responses in the time of dynamic change.

In presence of parameters variations, the loads of 140MW+j45MVAR and 35MW+j25MVAR are
supplied through MMC1 and MMC2, respectively as depicted in Figure 3.18. As it can be observed
from Figure 3.18, the active and reactive power sharing of both MMCs can be accomplished.
However, some slight changes happen for both active and reactive power of MMCs because of
reactive and resistance variations that are located in acceptable range according to Figure
3.18.
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Figure 3.13 - Parameters changes for (a) the resistance of MMCs (b) the inductance of MMCs.
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3.6 Chapter Conclusions

A multi-loop control strategy for the stable operation of MMCs in HVDC system was proposed in
this chapter under both load and MMCs parameters variations. Firstly, a six-order dynamic
equation was achieved for both MMCs and subsequently a curve based on active and reactive
power of MMC was introduced to analyze in depth the MMCs capability of generating both
powers. Based on this dynamic model, as the first advantage, a capability curve based on MMC
active and reactive power was proposed and the R and L variations effects on the curve were
assessed that could provide some control considerations to understand more about the
simulation results of the MMC’s performance. To design the first loop of the proposed
controller, the passivity based control technique was employed to shape OLC for increasing the
MMCs convergence ability in dynamic changes. In the next step, to add the robustness feature
against MMCs parameters changes, the sliding mode controller was considered to shape the
central loop controller. As the second important advantage of the proposed controller, it was
able of simultaneously being robustness against MMC s arm inductance and resistance variations
and also having very good dynamic tracking responses against the MMC’s load changes. As the
third feature of the proposed controller, accurate reference values for MMCs state variables
were generated through the inner loop controller using appropriate LPF and regulated PI
controllers that could generate instantaneously the requested reference values of both MMCs
in all considered operating conditions. To further analyze the MMC based HVDC system, the DC-
link voltage stability study was also carried out. Finally, to confirm the validity of the proposed
control technique, Matlab/Simulink was used to achieve stringent simulation results of MMCs

based HVDC system under both load and MMCs parameters changes.
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Chapter 4

Function-Based Modulation Control for Modular
Multilevel Converters under Varying Loading and
Parameters Conditions

This chapter presents a new function-based modulation control technique for modular
multilevel converters (MMC). The main contribution of the study is the formulation of two
new modulation functions for the required switching signals of the MMC’s upper and lower
sub-modules, respectively. The output and circulating current equations of the converter are
employed to attain the arm’s currents which are utilized for the proposed modulation
functions, having two important features: i) it is much less complex compared to the existing
control methods of MMC; and ii) the proposed controller can be regulated properly to deal
with parameter variations in a bid to ensure stable and accurate performance. In this
controller, the MMC output current magnitude and phase angle required for special active and
reactive power sharing can be easily applied to the modulation functions. Also, the equivalent
capacitors of upper and lower sub-modules are discussed based on the proposed modulation
functions. Finally, simulations are performed in Matlab/Simulink environment to evaluate the
performance of the proposed control technique in both the dynamic conditions of load as well
as varying parameters.

4.1 Introduction

The high attentions to renewable energy resource-based distribution generation systems [96]-
[98] lead to considering multilevel converter for high power generation. Various characteristics
of modular multilevel converters (MMCs) in high-power and medium-voltage applications lead
to the essential need to design appropriate controllers [43], [99]-[101] and proposing effective
modulation techniques [50], [102], for these kinds of converters. One of the significant trends
for controlling the MMC is to present a dynamic model based on the considered state variables
of the controller. For example, in [103], the sum of the capacitor voltage in each arm is used
instead of the individual capacitor voltages to shape the MMC model. To complete the MMC
evaluation, an effective DC-bus model from the sub-module capacitors is derived in [103]. For
a grid-connected MMC, a natural charge level mechanism for branch capacitor voltages as well
as the branch power equations based on the consumed active and reactive power in the
respective resistance and inductance are investigated in [49]. The study, in addition to
enhancement of the voltage ripple estimation concept using accurate model, two independent
explicit control loops have also been designed for the line and circulating currents in a

decoupled manner.
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Another dynamic model-based assessment for the MMC-based multi-terminal HYDC (MTDC)
system is performed in [104]. Two different dynamic models are proposed in the study. The
first dynamic model of MMC-MTDC system is included the AC side circuit, the inner controllers,
the modulation strategies, the outer controllers and the MTDC circuit. The second one as a
simplified model contains the outer controllers and partial dynamics of the MTDC circuit based

on a quantitative analysis of the detailed model’s dynamic processes [104].

In addition to proposing a continuous equivalent model [47], a corresponding single-phase
circuit and a load model consisting of current sources [71], and a dynamic model with four
independent dynamical components of the arm currents with the effect of AC and DC systems
[105]. Others include a discrete-time mathematical model with a predictive model [84], a
linearized analytical models with droop control [106] for MMCs under balanced conditions, and
other literatures that present more dynamic models and respective controllers for assessment

of the MMC operation under other operating conditions [107]-[109].

Similarly, a number of new pulse-width modulation (PWM) techniques and capacitor voltage
balancing methods have been proposed to control MMCs in different industrial applications
[110], [111]. A phase-disposition (PD) sinusoidal PWM strategy with a voltage balancing method
[112], a voltage-balancing control method with phase shifted carrier-based PWM [113], an
improved PWM method of which no phase-shifted carrier is needed [114] and a modified nearest
level modulation method with the increased level number of AC output voltage [115] have been
employed for MMCs. In [116], a discontinuous modulation technique based on adding a zero-
sequence to the original modulation signals is proposed which can achieve a significant
reduction in the capacitor voltage ripples as well as in the switching power losses for most of

the operating points.

To avoid the major drawbacks of the present voltage balancing methods, such as voltage sorting
algorithm, extra switching actions, interference with output voltage, the authors of [117]
proposed an improved PWM based general control structure for the MMC inverters. The designed
control technique is appropriate for both voltage-based and energy-based control methods, and
also includes voltage balancing between the upper and lower arms [117]. With the aim of
dominating the magnitude modulation for few numbers of cells and also reducing the sorting
efforts for cell balancing purposes, tolerance band methods are used for MMC in [118] to obtain
switching instants and also cell selection. Moreover, two different modulation patterns for
multilevel selective harmonic elimination (MSHE) PWM as well as a method for selecting the
number of sub-modules are proposed for control of MMC operation [119]. Among the different
control and modulation methods for MMCs [120], multi-carrier PWM techniques have an effect
not only on output waveforms and number of levels derived out of a given configuration of the

MMC but also on DC-link voltage and arm currents of the converter [121].
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In this chapter, two new modulation functions are proposed for control of the MMC operation
in inverter mode which can appropriately achieve the main control purposes included regulating
the sub-modules voltages and executing accurate active and reactive power sharing. These
modulation functions are obtained by making the circulating currents approach zero value and
using the arm’s currents in the basic differential equations of the MMC in a-b-c reference frame.
Moreover, the effects of the MMC parameters and currents changes are considered as the
assessment factors of the proposed modulation functions performance in both steady-state and
dynamic conditions. In addition, using the proposed functions, the instantaneous powers of the
MMC arms and the equivalent capacitors of the upper and lower sub-modules are evaluated.
Simulation results are presented to justify the proposed modulation-based method.

4.2 The Proposed Modulation Functions

The basic structure of the proposed three-phase MMC considered in the chapter is shown in
Figure 4.1 (a). The DC-link voltage generates the input power needed for the MMC operation.
Each arm consists of resistance and inductance, and N series-connected sub-modules,
illustrated in Figure 4.1. (b). Each sub-module acts as a voltage source which is actually a half-
bridge rectifier with determined output capacitor corresponding to its required DC voltage.
Based on Figure 4.1 (b), complementary state exists for the upper and lower switches of the
sub-module. It means that if the upper switch is on, the lower switch will be off and vice versa.
Moreover, the output of MMC contains inherent resistance and filter inductance. A point of
common coupling (PCC) is considered in the proposed MMC in stand- alone mode as depicted in
Figure 4.1 (a), to which the output capacitance filter and the consumable three-phase load are
connected. The following discusses the process of obtaining the proposed modulation function
for the described MMC.

4.2.1 Calculation of The MMC’ Arms Currents

According to Figure 4.1 (a), supposing that MMC is controlled to reach sinusoidal output voltages
at PCC and supply full three-phase load as a linear load. Thus, based on the needed active and
reactive power of the load and the above conditions, the output voltage and current of MMC
can be written as,

( .27Z'j
v, =V, COS a)f‘i']?
4.1)
. ( o j
i, =1 cos a)t+]T+a
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Figure 4.1 - (a) The MMC topology used, (b) sub-module.

The phase angle, a is the determining variable for generating the required active and reactive
power of the load in different operating conditions. From Figure 4.1 (a), the relations between

output and arm’s currents of MMC and also circulating currents can be written as,

=i+, (4.2)
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icirk — (illk ;ilk ) % (43)

For a controlled MMC with accurate operation, the circulating currents should approach zero.
Consequently, by applying i, = 0 to (4.3) and solving two equations achieved from (4.2) and

(4.3), the currents of the upper and lower arms of the MMC can be written as,

i, =051, cos(a)t+j2?ﬂ+a]+idc /3 (4.4)

i, =0.51 cos(ax+j2?”+a]—idc/3 (4.5)

It is understood from (4.4) and (4.5) that each arm’s current is combined with the output AC

and input DC currents.

4.2.2 The Proposed Modulation Function

For accurate control of the MMC, a well-designed pulse width modulation should be set.
Therefore, two reference waveforms for upper and lower sub-modules of the MMC are proposed
in this sub-section to perform a complete switching samples in the used shift-level PWM. Taking
into account the neutral point of the DC link in Figure 4.1 (a), and using KVL’s law in the

determined direction, equations of (4.6) and (4.7) are achieved as,

- di di
Ve py 41 ;;;k +Ri, +L%+Rik +v,=0 (4.6)
Vi di . di .
; —v,k+L,7’t"+R,z,k+L7;‘+Rzk+vk =0 (4.7)

Substituting (4.1) and (4.4) into (4.6) and assuming iy = Iyc + lacrip » Alacrip/dt = Tacrip » Leq =

0.5L; + L and R, = 0.5R, + R, the upper sub-modules voltages of the MMC can be obtained as,
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v, = % ~ Ly, /3=i, R /3+[ 1R, sin(e)+L,1I,wcos (a)]sin(a)t + J%ﬁ} +

(4.8

[Leqlma)sin(a)—lmReq cos(a)+vm}cos(a)t+j2?ﬁj )
Using the relation below,

ysin(ax)+ Acos(axr) =y + A* cos(a)t+tag‘1 (A/ 7)—71'/2) (4.9)

The proposed modulation function related to the switching signals of the upper sub-modules is

established as (4.10),

Véc —L,Z,C,,,p /3=i, R /3+V cos(wt+j23”+6u —7[/2)

(4.10)

Uy =

Va

c

Please note that 1}, and 6, are given in appendix A. Applying the same scenario for equation

(4.7), the proposed modulation function for lower sub-modules is derived as (4.11),

ml

v ¥ . 27
;c — Ly, /3—Ri, /3+V, cos(ax+13+6?,—7r/2) @)

Uy =
Vi

c

The variables V,,;; and 6,are specified in Appendix B. These functions can be used for the MMC
control in all operating conditions including both dynamic and steady states. The proposed
modulation functions in steady state can be achieved by substituting the reference values of
the MMC parameters and specifications in V,,; and 6; as well as using the desired values of DC

link voltage and current in (4.10) and (4.11).
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4.3 Evaluation of the Instantaneous Power of the MMC Arms

To analyze the effects of the arm’s currents obtained in (4.4) and (4.5) on the MMC operation,
the instantaneous power of the arms is investigated in this section.

Each arm power of the proposed MMC can be included; instantaneous powers caused by sum
capacitors used in the sub-modules as well as the resistance and inductance of the arms.
Discussed next is the two types of power.

4.3.1 Calculation of The MMC’ Arms Currents

As it can be seen in Figure 4.1 (a), the currents of the upper arms of the MMC enter the positive
point of the upper sub-modules voltage. Thus, to comply with the power’s law, the
instantaneous power of the MMC’s upper sub-modules can be written as,

P = ViV (4.12)

Substituting the obtained current and voltage corresponding to the upper sub-modules into
(4.12), we achieve equation (4.13) as,

Do :(O.SIW cos(wt+j2Tﬁ+(xJ+idc /3jx[%—L,ZMp /3—i,R [3+V,, cos(wt+6,—m/2)

I Lt;rrh ] RI
=0.25v,.1, cos(a)t+j2—”+0{)—”'—d"cos(wt+jz—ﬁ+aj—mcos(wt+j2—”+a)
3 6 3 6
(4.13
i, /9 )

m" mu t“derip

+0.51,V, cos(a)t+6u—7[/2)cos[a)t+j27”+0{J+vdcid(/6—Ll7

thdc

-Ri. /9+%cos(a}t+ﬁu -7/2)

After some simplifications, the final equation of the instantaneous power of the MMC upper
sub-modules can be obtained as,
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Buo = Ve | 6= Liy iy /9~ Ri% 19+0.251 7, cos[ j%”—eu +0(+7r/2]

ILi, i
B =025y, ——— iy Lol (4.14)
6 6
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ﬁu12= m;d(
ﬂuZ :O'ZSInIVmu

The same calculations are performed for the power of the lower sub-modules, and

consequently,

Pu =~ vy =
2 2
B+ 5, cos a)t+]?+a + [, cos(ax +6,—7/2)+ B, cos 2a)t+<9,+0{—ﬂ'/2+]T

(4.15)

tldcrip m’ ml

Bo=Vui,/6—Riy 19-i, Li,. /9-0251 7V, cos(j%z—@+a+ﬂ/2)

iCR,Im Ltil’cri ]m Vm i A
B =-0251,v, +- 6 6P s Bi= :l,jd >

ﬂZ = _0'251m I/ml

where, B; in equations (4.14) and (4.15) are the coefficients of the instantaneous DC power and
harmonic components which can be changed by the MMC’s specifications such as parameters
like currents and voltages. According to (4.14) and (4.15), the instantaneous powers of the
upper and lower sub-modules comprise two parts: DC component and harmonic components at

the main and second-order frequency of the MMC operating condition.

4.3.2 Instantaneous Power of the Arm’s Resistance and Inductance

Another part of the MMC arm is associated with the arm resistance and inductance. From Figure

4.1 (a), the voltage of the upper arm resistance and inductance can be achieved as,

di
vux = Lt duk + Rtiuk
t

(4.16)

Substituting (4.4) in (4.16), the sum of the voltages of the upper arm resistance and inductance

can be written as,
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v, =-0.5] Losin [a)t + jo”+ a] +Li,, /3+05IR, cos[a)t + jo”+ aj +i, R /3 (4.17)

Thus, the power corresponding to this voltage can be obtained as,

P = LiVix (4.18)

Using (4.4) and (4.17), (4.18) can be rewritten as,

2z 2 V4
pux:ﬂxu0+ xullcos Cot+.]7+a + xulzcos Q)t‘i‘]?‘i‘a—z

4 4
+D.01 cos(2a)t+j?ﬁ+2aj+ 2cos(2a)t+j7ﬂ+20(—§j

xu2

Liyyla  i3R (4.19)
By =0.1251'R +— C9,,,, o dcgt
5 - IngZmp .\ z;,czzgm g L”L%w
Bun=0.125I’R, B.,,=—0.1250L 1’

Again, from Figure 4.1 (a), the below relation can be written for the voltage of the lower arm

resistance and inductance as,

v, =L —+Ri, (4.20)

Consequently, performing the same scenario for the lower arm resistance and inductance
voltage and observing the power law, the instantaneous power of the lower arm resistance and

inductance can be achieved as,
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where B,, and B,; are the DC and AC component coefficients of the upper and lower arm
resistance and inductance instantaneous power. These coefficients are completely dependent
on the MMC parameters and its operating conditions at the output and input sides.
Thus, accurate calculation of these powers is considerably dependent on the proper operation
of the MMC in different conditions of the steady and dynamic states, which can be achieved by

executing the appropriate control technique.

4.4 Determination of I,,and a

It can be understood from the proposed modulation functions of (4.10) and (4.11) that the main
parts of these functions are completely relevant to the specifications of the MMC output
currents. On the other hands, considering the obtained equation related to arm’s instantaneous
powers, it can be seen that the magnitude and angle phase of the MMC output currents have
significant effects on all power components. Thus, for presenting an accurate control strategy,
the calculation of the output of the MMC current specifications is done in this section based on
its rated output active and reactive power. The instantaneous active and reactive power of the

proposed MMC are written as,

ps, =1.5V,1, cos(a) (4.22)
45, =1.5V,1, sin (&) (4.23)
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Dividing (4.23) by (4.22) and using the achieved phase angle in (4.22), the main parts of the
MMC output current can be obtained as (4.24),

I = p3¢

" , a=tan"' (qu
1.5V cos{tanl (%D D3y (4.24)

p3w

For the proposed modulation-based control technique related to the MMC with specified output
active and reactive power, (4.24) is employed to perform accurately the controlling operation

of the MMC in different working states.

4.5 Accurate Sizing of the Equivalent Sub-Module Capacitors

Considering the output operation of the MMC sub-modules, each sub-module has various output
voltage during different operating conditions. Thus, the equivalent capacitor of sum of the
upper or lower sub-modules is varied during the MMC performance along with the proposed
controller. Taking into account, the upper and lower arm currents of the MMC, the size of the

equivalent capacitor can be written as,

dv i

l' :C uk = — uk

e g 7w Gy, [ dr) (4.25)
dv —

im0 w0 T

W g T (dy, [ dr) (4.26)

By substituting the obtained equations related to the upper and lower voltages and currents in
(4.25) and (4.26), the equivalent capacitors of the upper and lower sub-modules respectively

are derived as,

0.571, cos(a)t+j27[+0()+idc /3
3 (4.27)

“ 0.5V, —Ri,,, 3=V, osin(w+6,-7/2)
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-0.51 cos(a)t+j27[+aj+idc /3
3 (4.28)

“0.5%, ~R1,, /3-V,osin(e—6 -x/2)

Equations (4.27) and (4.28) are drawn in Figure 4.2. As it can be seen from these figures, both
equivalent capacitors of upper and lower sub-modules are changed in operation state of MMC
which can show the variable feature of arms capacitors. Suitable operation of MMC can lead to

accurate calculation of these capacitors.
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Figure 4.2 - The equivalent capacitor of (a) upper sub-modules (b) lower sub-modules.

4.6 Simulation Results

Matlab/Simulink environment in discrete mode is employed to evaluate the validity of the
proposed modulation function-based control technique under various operating conditions.
The overall structure of the proposed controller is drawn in Figure 4.3. As it can be seen from
this figure, two processes of the MMC load and parameters changes are applied to the proposed
MMC in inverter mode, which shall be further discussed in this section. The values of these
processes are given in Table 4.2. Moreover, to fulfil acceptable simulation results, the sample
time of the simulation is considered in 1 micro seconds (us). In both processes, AC capacitor

filter is utilized at the PCC, the value of which is presented in Tables 4.1 and 4.2.
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Figure 4.3 - The overall structure of the proposed controller.

Table 4.1 - The parameters of the proposed MMC in load changes conditions

Parameters Value Parameters Value
L (mH) 15 N 4
LmH) 6 f(He) S0

R (Q) 0.6 Load Active Power | 50 kW
R(Q) 0.1 Load Reactive Power | 20 kVAr
v,. (V) 11200 Load Active Power I 35 kW
v, (V) 5800 Load Reactive Power II 25 kVAr

Table 4.2 - The parameters of the proposed MMC in parameters changes conditions

Parameters Value Parameters Value
L (mH) 15 R,(Q) 0.15
L(mH) 6 v (V) 11200
R, (Q) 0.6 v (V) 5800
R (Q) 0.1 N 4
Lo (mH) 25 f(Hz) 50
9 Load Active Power 50 kW

L2(mH)
R,(L) 0.9 Load Reactive Power 20 kVAr




4.6.1 Load Changes Evaluation

Firstly, the proposed MMC is set to supply the load of 50 kW and 20 kVAr in the time duration
of [0's, 0.2 s] that is considered as steady-state period. Then, at t=0.2 s, a load of 35 kW and
25 kVAr will be connected to the PCC and the MMC is responsible for the generation of the
needed power to cope with additional load. For the specified active and reactive power of the
MMC, the variables I, and a will be calculated from (4.24) to be used in the proposed
modulation function. The MMC parameters in this section are given in Table 4.2. The proposed
upper and lower modulation functions of the MMC-based control technique with its carrier
waves during load dynamic change are illustrated in Figure 4.4 (a). The changes created in
these functions at t=0.2s are used to make a proper control performance for generating the
needed switching signals of the MMC sub-modules. Figures 4.4 (b) and (c) show the generated
switching signals for sub-modules of phase “a”. It can be realized from these figures that there
is an inverse pattern for upper and lower sub-modules so that the needed switching signals are
generated through SLPWM shown in Figure 4.4 (a) for reaching the control aims under load

change.

The performance of the proposed controller at the desired control of the sub-modules voltages
is shown in Figure 4.5 (a). According to this figure, the sub-module voltages in steady state are
kept within the desired value region of 2.8 kV. After load dynamic change, the desired value of
the sub-module voltages can be properly achieved with negligible transient response which
proves the proper dynamic operation of the proposed controller. The output AC voltages of the
MMC before and after using AC filter capacitor (Cf = 50uF) are shown in Figure 4.5 (b), which
validates the accurate performance of the designed modulation-based controller in both

operating conditions.
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Figure 4.4 - In load changes process, a) The proposed three-phase upper and lower

modulation functions with its carrier waves, b) the generated switching signals for upper sub-

modules in phase “a”.

modules in phase “a” c¢) the generated switching signals for lower sub
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Figure 4.5 - (a) The sub-module voltages of phase “a” (b) The output voltages of MMC before

and after connecting AC filter capacitor under load change condition.

The output and circulating currents assessment of the MMC is accomplished in Figure 4.6 (a).
This figure verifies the capability of the MMC at generating suitable output currents in both

steady state and dynamic operating conditions. Moreover, as can be seen, the MMC’s circulating
currents almost tend to be zero with the slight fluctuations.
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The capability of MMC for active and reactive power sharing is indicated in Figure 4.6 (b).
According to this figure, the MMC’s active power properly follows the total load active power
in both operating conditions. Figure 4.6 (b) demonstrates the ability of the proposed controller
at tracking the reactive power of load in both conditions. Figure 4.7 shows the angle difference
between output MMC voltages and Currents under load changes condition. As it can be seen in

Figure 4.7, this angle is appropriately changed according to the MMC active and reactive power
needed for load.

Figure 4.6 - (a) The output and circulating currents of the MMC. (b) Active and reactive

power of the MMC under load changes condition.
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Figure 4.7 - Angle Difference between output MMC voltages and Currents under load changes

condition.

4.6.2 Parameters Changes Evaluation

In this section, the effects of varying the MMC parameters on the proposed modulation-based
control technique are investigated. Two collections of the parameters corresponding to the
MMC’s resistances and inductances are given in Table 4.2, which presents the MMC parameters
in two different operation conditions. The MMC parameters are varied to the second condition
in t=0.2 s. In this process, the MMC supplies a constant load of 50 kW and 20 kVAr. In the
presence of the parameters alterations, the proposed modulation functions varied as depicted
in Figure 4.8 (a). The related carrier waves are also given in Figure 4.8 (a). The changes made
in the functions leads to a different trend for the applied PWM, upon which the appropriate
control operation will be finally executed for the proposed MMC. By using SLPWM presented in
Figure 4.8 (a), the switching signals for upper and lower sub-modules of phase “a” are achieved
illustrated in Figure 4.8 (b) and (c), respectively. The same pattern is governed in this section.
However, the control aim is following the reference values under MMC parameters changes in

which switching signals are adapted according this aim.

The first aim of the proposed controller is to regulate the sub-module voltages. As it can be
seen in Figure 4.9 (a), after varying the parameters at t=0.2s, the proposed controller is able
to maintain the sub-module voltages around the desired value regardless of the small
fluctuations in short transient time. The output voltages of MMC during AC filter capacitor
(Cf = SOuF) connection and disconnection are shown in Figure 4.9 (b). The proposed controller
is able to keep these voltages at its desired values in parameters changes condition as shown

in Figure 4.9 (b).

79



g '""T'T'”f"“'lll|M!MVWWMM[|WMMmnm., ...... T '”'“""””“MIHMM U

il \ WW
2 1.'.1 w ‘Wr" 'lll " r‘ i “H
- os %MM‘”{“M i T##T‘TJ&”"MTMH ‘Tl i b il l l | 16%# lﬂfllﬂﬂyf‘r' M’lﬂm

T Ml MM MM il uulﬂtmuuiﬂm.l.ml'ahmllmh et

0.194 96 0.198 0.202 0.204 0.206
NITICTEHH )

WU?UfW “u‘“umWHWH‘”‘ L \”‘ i W lll L‘ l' ! ‘W\W
Fo0s “"””l“* ““MTW l Ik
A o i il
ﬁﬁﬁﬁ«&w&&wmmm;h T

Tlme[s]

| |
0 L L L
0.192 0.194 0.196 0.198 0.2 0.202 0.204 0.206
Timef[s]

1.5
1
S50.5F--—-~
w
0
0.1
1.5
1
9
% 0.5 ! J‘r !
O |
0.192 0.194 0.196 0.198 0.2 0.202 0.206
' ! | ! | | ! |
1 e [ . [ 4- -
3 | | | | |
% 0.5 - — e [P [E JE 4o - [
10.51 92 0.194 0.196 0.198 0.2 0.202 0.204 0.206
. I I I I I I I
I I I I I I I
< 1 -7 a------ - - Fe--- Tom o T (i
I I I I I I I
205 R H--— - -————= b o= 4 - -
I I I I ! ! I
| |
0.192 0.194 0.196 0.198 0.2 0.202 0 204 0.206
Time[s]

Figure 4.8 - In parameters changes condition, a) The proposed three-phase upper and lower
modulation functions with its carrier waves, b)the generated switching signals for upper sub-

modules in phase “a” c) the generated switching signals for lower sub-modules in phase “a”.
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Figure 4.9 - (a) The sub-modules voltages of phase “a” (b) Output voltages of MMC before
and after connecting AC filter under parameters change condition.

The output and circulating currents of MMC are shown in Figure 4.10 (a). According to this
figure, the sinusoidal output current is proportional to the consumed load. Also, it is realized
form Figure 4.10 (a) that the proposed controller is able to reach the desired value of the
output currents with the existence of MMC parameters variations.
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Moreover, it can be observed from Figure 4.10 (a) that the operation of the proposed controller
in both steady and dynamic state for minimizing the circulating current is good. The active and
reactive powers of the MMC are displayed in Figure 4.10 (b). According to this figure, the MMC
parameters variation have no significant effects on the active and reactive power sharing of
the MMC, as the MMC properly generates the required active power of the load. Figure 4.11
shows the angle difference between output MMC voltages and Currents under MMC parameters
changes condition. It can be understood from Figure 4.11 that the angle values are kept in
limited area with suitable instantaneous alterations leading to constant active and reactive

power in presence of MMC parameters changes.

Figure 4.10 - (a) Output and circulating currents of the MMC (b) Active and reactive power of

the MMC under parameters changes condition
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Figure 4.11 - Angle Difference between output MMC voltages and Currents under parameters

changes condition.

4.7 Chapter Conclusions

The main contributions of this chapter are two separate modulation functions proposed for the
generation of the switching signals of the MMC upper and lower sub-modules. The MMC arms
currents, driven from circulating and output currents are applied to the mathematical model
of the converter in a-b-c reference frame. This proposed modulation functions are simple in
construction when compared with other control methods. It also stabilized the operation of the
system in periods of parameters varying conditions. Changing the load connected to the PCC
and MMC parameters was considered for the assessment of the designed controller, which was
responsible for the control of the sub-modules voltages and accurate active and reactive power
sharing performance. To complete the evaluation of the proposed controller, the instantaneous
power of the MMC arms and the equivalent capacitors of the sub-modules were investigated.
The simulation results in Matlab/Simulink environment demonstrated the capability of the

proposed controller for reaching the main control purposes.
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Chapter 5

A Novel Modulation Function-Based Control of
Modular Multilevel Converters for High Voltage
Direct Current Transmission Systems

In this chapter, a novel modulation function-based method including analyses of the
modulation index and phase is proposed for the operation of modular multilevel converters
(MMCs) in high voltage direct current (HYDC) transmission systems. The proposed modulation
function-based control technique is developed based on thorough and precise analyses of all
MMC voltages and currents in the a-b-c reference frame in which the alternating current (AC)-
side voltage is the first target to be obtained. Using the AC-side voltage, the combination of
the MMC upper and lower arm voltages is achieved as the main structure of the proposed
modulation function. The main contribution of this chapter is to obtain two very simple new
modulation functions to control MMC performance in different operating conditions. The
features of the modulation function-based control technique are as follows: (1) this control
technique is very simple and can be easily achieved in a-b-c reference frame without the need
of using Park transformation; and (2) in addition, the inherent properties of the MMC model
are considered in the proposed control technique. Considering these properties leads to
constructing a control technique that is robust against MMC parameters changes and also is a
very good tracking method for the components of MMC input currents. These features lead to
improving the operation of MMC significantly, which can act as a rectifier in the HVDC
structure. Simulation studies are conducted through MATLAB/SIMULINK software, and the
results obtained verify the effectiveness of the proposed modulation function-based control
technique.

5.1 Introduction

Because of existing large-scale renewable energy sources [122]-[124], the needs for specifying
a multilevel converter as one of the best option for high power and medium voltage applications
seem to be necessary in these years [37], [125], [126]. Owing to remarkable advantages of
multilevel modular converters (MMC) in high-voltage and high-power applications including
modular structure, dynamic increment of sub-module (SM) numbers, common direct current
(DC)-bus and distributed DC capacitors [43], [127]-[129], many pulse width modulation (PWM)
techniques have been recently proposed to improve control features of these converters [50],
[102].
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However, although there are many existing control methods, designing new control techniques
with more simplicity, more efficiency, faster steady state operation and better transient
response with respect to the type of application are always required. In [114], an improved
PWM method for half-bridge based MMCs is proposed that is able to generate an output voltage
with maximally 2N + 1 levels. The method discussed in this article is as great as a carrier-phase-
shifted PWM (CPSPWM) method.

A popular PWM technique, which is the most commonly used method in the Cascaded H-bridge
converters (CHB) [130], [131], is the phase-shifted carrier (PSC). Because of the following
features [110], the PSC modulation is also attractive to MMCs [132]-[135]: (1) high modularity
and scalability of MMC; (2) easily reaching capacitor voltage balancing control; (3) MMC is able
to generate an output voltage with a high switching frequency and a low total harmonic
distortion (THD); and (4) MMC structure is able to distribute the semiconductor stress and the
power of SMs. For instance, in [110], a mathematical analysis of PSC modulation is presented
in order to identify the PWM harmonic characteristics of the MMC output voltage and the
circulating current. In addition, the influence of carrier displacement angle between the upper
and lower arms on those harmonics is evaluated in this work. The nearest level modulation
(NLM) method, which is also known as the round method, is exhaustively discussed in [86],
[136], [137]. This method is suitable for MMCs particularly with a large number of SMs. In
comparison with the conventional NLM, a modified NLM method in which the number of output
alternating current (AC) voltage levels is as great as the CPSPWM and the improved SM unified
PWM (SUPWM) is proposed for MMCs in [115]. Through this method, the number of AC voltage
levels increased to 2N + 1, which is almost double; and the height of the step in the step wave
is halved, leading to a better quality for the MMC AC output voltage waveform. By adding a
zero-sequence to the original modulation signals, a new discontinuous modulation technique is
achieved in [116] along with a circulating current control technique the MMC arms are clamped
to the upper or lower terminals of the DC-link bus. In order to minimize the switching losses of
the MMC, the clamping intervals can be regulated by the use of the output current absolute
value. In [116], a significant reduction in the capacitor voltage ripples with low modulation
indices is also obtained. A multilevel selective harmonic elimination pulse-width modulation
(MSHE-PWM) technique is schemed in [138] to perform a tight control of the low-order
harmonics and the lowest switching frequency for the MMC [119]. Moreover, two different
modulation patterns for MSHE-PWM as well as a method for selecting the number of SMs in the
phase-legs of the converter are proposed in [119]. According to [111], [139], the amplitude
modulation is widely employed to control MMC-based high voltage direct current (HVDC)
transmission systems. The main idea of the method is to first calculate how many SMs should
be put into action, and then the capacitors sorting voltage and the final working sequence
should be determined by the direction of the arm current. However, in the case of large

numbers of SMs, problems related to frequent sorting of capacitor voltage are issued [140].
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A novel modulation function accompanied by its index is figured out in this chapter by
accurately analyzing all MMC voltages and currents in the a-b-c reference frame in order to
improve MMC performance in HVDC applications. Working the AC-side voltage out, a
combination of the MMC upper and lower’s arm voltages is achieved. The proposed modulation
function that completely depends on MMC parameters and also the specifications of MMC input
voltages and currents can be derived by using the AC-side voltage. In order to reach an accurate
evaluation of MMC operation under different operational conditions, the impact of parameters
and input current variations on the proposed modulation function and its index is investigated
that ends up improving MMC control. MATLAB/SIMULINK (version, Manufacturer, City, State
Abbr. if USA or Canada, Country) based simulation results show the effectiveness of the
proposed modulation function-based control.

5.2 Modular Multilevel Converter’s Alternating Current-Side

Voltages

The structure of a three-phase MMC is illustrated in Figure 5.1(a). The “2N” numbers of SMs are
utilized in each arm, whereas their detailed configuration is depicted in Figure 5.1(b).
According to the figure, two complementary insulated-gate bipolar transistor (IGBT)-Diode
switches are controlled so that each SM may be placed at either connected or bypassed states
based on an appropriate switching method and also required controlling aims. In order to
suppress the circulating current and also to restrict the fault current during a DC side fault, an
inductor is used in either sides of each arm. The series resistor of each arm represents the
combination of the arm losses and the inner inductor resistance.

by by by
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[SMn] _ SM
R, Yae |
>
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t
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Figure 5.1 - (a) Generic circuit for an MMC and (b) sub-module (SM).
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Detailed Calculation of the Alternating Current-Side Voltage

The operation of the used SMs in MMC is highly dependent on the AC-side voltages. As can be
inferred from Figure 5.1 (a), the AC-side voltages are directly related to the input variables

and parameters. Suppose that MMC input voltage and current of phase “a” are:

vm:vmcos(o)t),ia:]macos((ot+0(a) (5.1)

Based on the proposed MMC structure shown in Figure 5.1 (a), the relationship between the

input and the AC-side voltages of phase “a” can be written as:

di
v, —v,=L, d: +R i, (5.2)

By substituting Equation (5.1) into Equation (5.2), the AC-side voltage of phase “a” can be

achieved as Equation (5.3):

a” ma a’ ma

\/LZP o + R, +v) +

X
2v, LI, osin(a,)-2v,R.1,, cos(a,)
(5.3)
. [v +L,1, osin(a,)-R,1,, cos(a, )J
cos| ot +tag -m/2
[Lalmawcos )+ R, 1, sin(o )]
To present more explanations, Equation (5.3) can be rewritten as Equation (5.4):
Lzlzk(o +RIC, +V +
X
“ 2w, LI, osin(a,)-2v,R1,, cos(a,)
(5.4)

[vm+LI osin(a, )= R, cos(a )J 27;] T

mk mk

[LI wcos +lesm(ak)] 3

mk

cos(wt+tag” ( )

where j is equal to 0, -1 and 1 for the phases of “a”, “b” and “c”, respectively. The indices of
k are the phases sign of “a”, “b” and “c”. Equation (4.4) shows the general three phase AC-
side voltages. As can be realized from Equation (4.4), the AC-side voltages of MMC can be

completely affected by input parameters and variables.
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5.3 Analysis of Proposed Modulation Function

The proposed modulation function is obtained in this section involving AC-side voltages. The
voltages placed in entire upper and lower SMs can be aimed to generate signals required for SM
switches. Thus, applying Kirchhoff’s voltage law’s (KVL’s) on phase “a” arms of the MMC, the

following equations are derived as:

N
va,—vdc/2=Lau%+R i —v (5.5)

au - au au

d
v +v, 12=L, C;;’+Ri +v, (5.6)

al“al

By summing up two sides of the equations in Equations (5.5) and (5.6) and also assuming L., =

La = Lg:, the following equation is attained:
val _Vuu :2Vat _La _a_R l

tdt at”a

By substitution of Equations (1) and (3) into Equation (7), Equation (8) can be achieved as:

(2L, +L,) I2,0* +(2R, + R, ) I, +4v2 +
v, =V =
‘" N4, (2L, +1L,) 1, wsin(a,)—4v, (2R, +R, )1, cos(a,)

cos[mt-l—tagl [[2vm +(2L,+L,)I, wsin(a,)—(2R, +R,)1,, cos(a, )]J ;]

[(ZLM+Lm)1mcocos(au)+(2Ru+Rat)l sin(aa)] 2

As been discussed in former section, Equation (8) can be rewritten in a general form as Equation

(4.9):

Vi — X

2L+ L, ) IR0 + (2R, + R, ) 12 + 4V +
“ 4Vm (2Lk + th )Imk(D Sin (ak ) - 4Vm (2Rk + Rkt )Imk COos (ak )

cos((ot+ﬂ—£+ (5.9)
3 2

ta -1 |:2Vm +(2Lk +th )Imk(DSin(ak ) _(2Rk + Rkl )Imk COS(ak ):|
|:(2Lk + th )[mko‘)cos(ak ) + (2Rk + Rkt )Imk Sin(ak ):|
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The term "v,; —v," is used to acquire reference waveforms for shift level pulse width
modulation (SLPWM). As evident in Equation (5.10), the reference signals of the proposed PWM
can be changed by input and arm parameters of MMC as well as input voltages and currents
characteristics. Considering the reference values of I, v, and a; as input currents and

voltages, the proposed modulation index can be written as:

V(LR Ly Ry v, 0)

kt > "kt > " mk >

mk
vd

e

1|2, +L,) I20® + (2R, +R,) 2 (5.10)

mk

wsin(a; )—4v, (2R, +R,) 1, cos(a; )

mk

+4v +

Ve \4v, (2L, +L,)1

*

mk

Based on Equations (5.9) and (5.10), and also assuming the reference values of input variables,

the proposed modulation functions can be achieved as:

l—cos(wt+2ﬂ—z+
3 2

uku - mk -1 [zvm +(2Lk +th )Ika)Sin(ak ) _(2Rk +Rkt )]mk Cos(ak ):| (5.1 1 )
1
“ [(ZLk +L,)1, ocos(a,)+(2R, +R,)1,, sin(a, )]

l+cos(wt+2ﬂ—£+
3 2

U =1y . [2vm +(2L, +L,)1, osin(o, )—- (2R, + R, )1, cos(a, )] (5.12)
[(2Lk +L,)1, 0cos(a, )+ (2R, +R, )1, sin(a,{)]

mk

The proposed modulation functions configurations for phase “a” are drawn in Figure 5.2. With
respect to Equations (5.11) and (5.12), the proposed index and function are plotted in Figure
5.3 for I, = 504 and «aj; = 0. As evident in Figure 5.3, the index modulation is quite close to
unity. The effects of MMC parameters and input currents on the proposed modulation functions
are comprehensively investigated in the next section. The parameters of V,; and 6,, are given

in Appendix C.
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Figure 5.3 - The proposed modulation index and function as to parameters given in Table 5.1.

5.3.1 Parameters Variation Effects on the Proposed Modulation Function

In this section, system parameters are changed to the ones given in Table 5.2 in order to
evaluate the effects of the parameters variations on the proposed modulation function. The
base parameters are as given in Table 5.1. By increasing the system parameters, the proposed
modulation indexes are decreased as depicted in Figure 5.4. The variation trend of the proposed
modulation function is also illustrated in Figure 5.4. According to this figure, in addition to the
index changes, the phase angles of both upper and lower modulation functions in three
conditions slightly tend to be shifted. For the two obtained modulation functions, a typical
shifted-level PWM in intervals of 5ms <t <10ms is shown in Figure 5.5. Figure 5.5
demonstrates that the switching numbers of the second and third levels are decreased, and,
instead, the numbers of the lowest level switching is increased. The scenario is inversed for the

proposed lower modulation function but not with a similar change in the numbers.
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As depicted in Figure 5.6, the presented SLPWM results in a raise in the switching numbers of

the second and the third levels and a drop in the switching numbers of the first levels. The sum

of the switching generations in both proposed upper and lower modulation functions should

lead to a constant value in each level.

Table 5.1 - Simulated system parameters. AC: alternating current; DC: direct current.

Parameter Value Unit
Input resistance 0.6 Ohm
Input inductance 15 mH
Arm resistance 0.5 0
Arm inductance 5 mH

AC voltage 6 kv

DC voltage 12 kv

N 4 -
Input frequency 50 Hz
Carrier frequency 10 kHz
SM capacitance 5 mF
SM voltage 3 kV
Table 5.2 - Changes in MMC parameters in Condition 2.
Parameter Value Unit
Input resistance 1.2 0
Input inductance 25 mH
Arm resistance 1.5 Ohm
Arm inductance 10 mH
AC voltage 6 kv
[mk 50 A
o 0
g [T T T kel
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Figure 5.4 - The proposed modulation index and function based on parameters variations

given in Table 2.
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Figure 5.5 - A typical shifted-level pulse width modulation (PWM) for proposed upper

modulation function with parameter changes.
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Figure 5.6 - A typical shifted-level PWM for proposed lower modulation function with

parameter changes.

5.3.2 Input Current Variation Effects on the Proposed Modulation Function

The magnitude and phase angle of the input currents impact on the proposed modulation
function that is reviewed in this section. The specifications of the input current are changed to
I = 1004 and a, = —m/6 at t = 0.2s. In comparison with parameter variations, the MMC input
current variations can make more reduction in the modulation index and phase angle of the
proposed modulation functions as illustrated in Figure 5.7. The effects of the input current
changes on the applied SLPWM are shown in Figures 5.8 and 5.9. The proposed upper modulation
function with its shifted-level triangle waveforms as well as the respective generated signals
for two different input currents are drawn in Figure 5.8. It can be seen that the number of
switching signals (SS) in the second level is significantly increased for the MMC operating in the

second condition compared with the first one.
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On the other hand, the first and the second levels of SS are slightly increased for SLPWM applied

to the proposed lower modulation function as shown in Figure 5.9. Considering the interval of

5ms <t < 10ms as a sampling period, the input current changes impact more on the operation

of the proposed upper modulation function.
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Figure 5.7 - The proposed modulation index and function based on input variable variations.
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Figure 5.8 - A typical shifted-level PWM for proposed upper modulation function with input current

changes.
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Figure 5.9 - A typical shifted-level PWM for proposed lower modulation function with input current

changes.

5.4 Simulation Results

In this section, the control of MMC is executed by the use of proposed modulation function as
given in Figure 5.10. MATLAB/SIMULINK environment in discrete mode is used to perform the
overall control structure modelling based on the information given in Tables 5.1 and 5.2.
Throughout the evaluation process of MMC operation as a rectifier in HVDC application, the
simulation sampling time is selected at the value of one micro second. In addition, initial value

of 3 kV is considered for all SM capacitors.
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Figure 5.10 - The overall structure of the proposed modulation functions for MMC.
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5.4.1 Parameter Variation Evaluation

The obtained functions in Equations (5.11) and (5.12) are considered as carrier waveforms in
SLPWM in these simulations. As can be observed, both amplitude and phase angle of the
proposed modulation functions can be controlled by varying MMC arm and input parameter
changes. In the first section of simulation that is (0, 0.2) seconds, MMC operates in a steady
state with parameters given in Table 5.1. Then, at t = 0.2 s, the MMC parameters are changed
to the values given in Table 5.2. As can be seen in Figure 5.11, voltages of SMs in phase “a” are
kept at their desired values of 3 kV with initial parameters. After parameter variations, the
proposed modulation function-based controller is able to acceptably regulate SM voltages,
except for a slight deviation from the desired value at t = 0.2s. Figure 5.12 shows the DC-link
voltage of the MMC. Initially, MMC can reach targeted DC-link voltage after a short transient
response. With a very small undershoot, the modulation algorithm continues to attain MMC’s
desired DC-link voltage after parameter alterations. Phase “a” current of MMC is illustrated in
Figure 5.13. According to this figure, MMC can generate the assumed current with the amplitude
of 50 for both sets of parameters; however, there are negligible transient responses. The active
and reactive power sharing of MMC with parameter changes are illustrated in Figure 5.14. As it
can be seen in this figure, the MMC active and reactive powers follow the desired values, even
after MMC parameter changes, along with their proportional alterations. The appropriate
operation of a designed controller for MMC must lead to minimization of circulating currents.
The proposed controller is capable of achieving minimized circulating currents of MMC as
depicted in Figure 5.15. As shown in this figure, the circulating current of phase “a” remains

at an acceptable level in both operation states.

5000
4000 i
3000 ——— = e

—

smau [

= 2000 .

1000
5000

4000 - A

3000 S —————

vsmal [Vl

2000 - b

1000 1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Time [s]

Figure 5.11 - SM voltages of MMC with parameter variations.
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Figure 5.12 - DC-link voltage of MMC with parameter variations.
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Figure 5.13 - MMC current of phase “a” with parameter variations.
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Figure 5.14 - The active and reactive power of MMC with parameter variations.
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Figure 5.15 - Circulating current of MMC in phase “a” with parameter variations.

5.4.2 Evaluation of Modular Multilevel Converter Input Current Variation

Changing the input current components of a;, and I, creates different modulation functions
for the proposed modulation function-based controller. Thus, the changes caused by input MMC
currents should lead to properly commanding the proposed controller to keep MMC in stable
operation. In the primary interval, MMC operates with a;, =0, I,,, = 50 A and the parameters
given in Table 5.1. Then, the input MMC currents reach a magnitude of I, = 1004 with the
phase angle of a;, = —m/6 at t = 0.2's, though keeping the same parameters. The MMC SM
voltages of both operation states are demonstrated in Figure 5.16. As can be understood from
Figure 5.16, the voltages follow the reference value with a slight transient response and also
acceptable steady-state error. Moreover, the DC-link voltage of MMC experiences an undershoot
after the current variation at t = 0.2 s as depicted in Figure 5.17. After the transition, the
proposed controller shows its dynamic capability in keeping the MMC DC-link voltage with an
acceptable deviation from the desired value. Figure 5.18 contains the MMC input current of
phase “a”. Based on this figure, the MMC input current is changed matching the current
magnitude to the command, even though with a short period of transient response. Figure 5.19
shows the active and reactive power of MMC with MMC input current changes. According to this
figure, both active and reactive powers of MMC are accurately changed based on the governed
MMC input current. The circulating current of MMC is also shown in Figure 20. The curve in this
figure implies that minimizing circulating current can be effectively accomplished after

variation of the input current.
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Figure 5.16 - SM voltages of MMC with input MMC current variation.
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Figure 5.17 - DC-link voltage of MMC with input MMC current variations.
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Figure 5.18 - MMC current of phase “a” with MMC input current variations.
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Figure 5.19 - The active and reactive power of MMC with MMC input current variations.
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Figure 5.20 - Circulating current of MMC in phase “a” with input MMC current variations.

5.5 Chapter Conclusions

In order to effectively control the operation of MMC in HVDC transmission systems, a novel
modulation function with a specified index was proposed in this chapter. For this purpose,
analysing all MMC voltages and currents in a-b-c reference frames was performed to primarily
obtain the AC side voltage. Then, the combination of the MMC upper and lower arm voltages
was achieved by the use of already obtained AC-side voltage. Using this combination led to
deriving the proposed modulation function and its modulation index, both depending on MMC
parameters, and also the specifications of MMC input voltages and currents. In order to improve
the performance of the proposed controller, the impacts of parameters and input current
variations on the proposed modulation function and its index were thoroughly investigated in a
range of operating points. The main feature of the proposed control technique is its very simple
design in a-b-c reference frame, being additionally able to provide a robust performance
against MMC parameter changes. MATLAB/SIMULINK allowed verifying the effectiveness of the
proposed modulation function-based control technique.

99



Chapter 6

Dynamic Model, Control and Stability Analysis of
MMC in HVDC Transmission Systems

A control technique is proposed in this chapter for control of modular multilevel converters
(MMC) in high-voltage direct current (HYDC) transmission systems. Six independent dynamical
state variables are considered in the proposed control technique, including two AC currents,
three circulating currents, and the DC-link voltage, for effectively attaining the switching
state functions of MMCs, as well as for an accurate control of the circulating currents. Several
analytical expressions are derived based on the reference values of the state variables for
obtaining the MMC switching functions under steady state operating conditions. In addition,
dynamic parts of the switching functions are accomplished by direct Lyapunov method (DLM)
to guarantee a stable operation of the proposed technique for control of MMCs in HVDC
systems. Moreover, the capability curve (CC) of MMC is developed to validate maximum power
injection from MMCs into the power grid and/or loads. The impacts of the variations of MMC
output and DC-link currents on the stability of DC-link voltage are also evaluated in detail by

small-signal analysis.

6.1 Introduction

Nowadays, using different structures of power-electronic converters, the electricity generated
through renewable energy resources has been utilized in various forms of industrial applications
such as active power filter [141]-[143], grid-connected inverters in micro and smart grids [144]-
[149], virtual synchronous generators [150], [151] and distributed generations-based networks
[152]-[154]. Among the used power converters, distinguished features of MMCs, including
decentralized energy storages, modular structure, easy redundant SMs, simple fault
identification and clearance promoted the utilization of MMCs in high and medium
voltage/power applications [71], [129]. Attentions have been attracted to designing proper
controllers [43], [155], [156], deriving comprehensive general and inner dynamic models [19],
[103], [112], [157] and presenting effective modulation methods for the new approach [110],
[115], [158] . The most significant technology concerned to connecting remotely located off-
shore wind farms interest the major industrial centers and up-to-dated researchers in using the
different kinds of MMC in VSC-HVDC transmission systems [104], [106], [159], [160].
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Analyzing detailed mathematical models of MMC utilized in HVDC applications offers
simultaneous control of active and reactive power and desired DC link voltage in various
operating conditions. In [161] an open-loop strategy is designed for controlling the total amount
of energy stored inside the MMC. The control technique employs the steady-state solutions of
the dynamic equations to make the system globally asymptotically stable [161]. Generic
voltage-based and energy-based control structures for MMC inverters are presented in [117]
that include voltage balancing between the upper and lower arms. Then, an improved pulse
width modulation based control technique is also proposed in the same reference in order to
balance the voltage among arm capacitors. The new technique overcomes some major
disadvantages corresponding to the applied voltage balancing methods, such as voltage sorting
algorithm, extra switching actions, and interference with output voltage. In [162], a digital
plug-in repetitive controller is designed to control a carrier-phase-shift pulse-width-modulation
(CPS-PWM)-based MMC. The improved circulating current control method with its stability
analysis has the merits of simplicity, versatility, and better performance of circulating harmonic
current elimination in comparison with the traditional proportional integral controller [162].
Three cost functions based on an MPC are presented in [88] that result in a reduced number of
states considered for the AC-side current, circulating current, and capacitor voltage-balancing
controls of an MMC. The duty of the first cost function is controlling the AC-side current without
considering redundancy. The second one is for the control of the DC-link current ripple, the
transient characteristics of the unbalanced voltage condition, and the circulating current.
Finally, the last one is designed for reaching the capacitor voltage balancing and reducing the
switching frequency of the SM [88]. In addition to the modeling and control schemes analyzed
in [163], a switching-cycle state-space model based on the unused switching states of an MMC
and the corresponding control method is proposed in [60].

By calculating the average voltage of all SMs in one arm during each control cycle and comparing
it with the capacitor voltage of each SM, the switching state of each SM in MMCs is obtained in
[61]. In this method, a little sorting of the capacitor voltages is employed and consequently the
calculation burden on the controller is significantly decreased.

In order to investigate the impact of the voltage-balancing control on the switching frequency
in an MMC, the dynamic relations between the SM’s capacitor unbalanced voltage and converter
switching frequency are achieved in [164]. Furthermore, by considering negative effects of the
unbalanced voltage on the SM capacitor voltage ripple and voltage/current harmonics, the
design interaction between switching frequency and SM capacitance, as well as the selection
of unbalanced voltage, are also accomplished in [164]. A control technique targeting
independent management of capacitor’s average voltage in each MMC arm is performed in
[165]. In this method, a decomposition of arms energy in different components is considered
based on the symmetries of MMC arms. By considering the effects of AC and DC systems, a
dynamic MMC model with four independent components of upper and lower arm currents are
introduced in [105]. By using this model, dynamical analysis of currents and also design and
implementation of current controllers are become simplified.
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A dynamic model, control and stability analysis of MMC-HVDC transmission systems is presented
in this chapter. This chapter is organized into the following sections. Following the
introduction, the dynamic model of MMC-based HVDC is presented in Section 6.2. Steady state
analysis of the proposed model is provided in Section 6.3, while dynamic stability analysis is
assessed in Section 6.4. In Section 6.5, capability curve analysis of MMC is executed, and DC-
link voltage stability analysis is performed in Section 6.6. Simulation results and the highlighted

points of this chapter are presented in Sections 6.7 and 6.8.

6.2 The Proposed MMC-Based HVDC Model

The proposed MMC-based HVDC transmission system with two three-phase transformers utilized
for the aims of insulation and voltage conversion are illustrated in Figure 6.1. Each MMC is
composed of six SMs in its either upper or lower arms along with relevant resistance and
inductance to mimic arm losses and limit arm-current harmonics and fault currents,
respectively. R, is the total switching loss of MMCs. Considering each SM to be an IGBT half-
bridge converter, rudimentary operational manner of SMs can be explicitly seen throughout
dynamic analysis of MMC. Furthermore, the two AC systems are linked to the transformers

through resistances and inductances of AC side as shown in Figure 6.1.

The mathematical model

As can be seen in Figure 6.1, grounding points are considered at each neutral point of AC
systems and transformers with Y connection. Ascertaining another grounding point in the DC-
link voltage of MMCs, (6.1) and (6.2) are obtained by applying KVL law to the loop including DC-
link and MMC AC-side voltages as,

di,. di ;.

vy, +Li+Rik[ +L, Luki +Ri, _E-’_Vuk[ =0 (6.1)
dt dt 2

v — L _Ri o+, SRy Ve gy =0 (6.2)
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Figure 6.1 - General model of the proposed MMC-based HVDC system.

Following variables are defined as,

I..+i,. I,. V=V V.. +Vv,.
uki ki dci _ uki Ik _ _uki ki
- > Wi = s Uppyi = 2 — (6-3)

Ui =V Tl > Leipsa = 5 3 5

Subtracting and summing up (6.1) from and to (6.2), besides using the defined terms in (6.3),

the dynamic equations of MMCs can be achieved as,

2L+L \diy (2R+R,).
+ I iy, +v, =0 6.4
( 5 } r 5 ki kli ki ( )
Lt dicirki +R1l.~ki+R1id_Ci+uk2'_i:0 (65)
dt cirl 3 i 2

The equivalent circuits of (6.4) and (6.5) are drawn in Figure 6.2. The output currents of MMCs
can be controlled by accurate analysis of the circuit shown in Figure 6.2 (a) and thus the
switching function of uk1i is a key factor to regulate MMCs active and reactive power acquired

by output currents and voltages.

As shown in Figure 6.2 (b), mitigation of circulating currents is depending on the appropriate
adjustment of DC link voltage of MMCs. In addition, the switching function of u,,; plays an
important role in effective minimization of undesirable distortions caused by MMC’s circulating

currents.
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Figure 6.2 - Equivalent circuits of: (a) Dynamic model based on MMC output currents, (b)

dynamic model based on circulating currents.

The dynamic relations between DC-link voltage and the upper or lower arms currents can be
derived by applying a KCL to the DC-link of Figure 6.1,

D Ve e :
C, ?+R—dc +(luw- +iy, +lua-)+lda-f =0 (6.6)
&v, Vi oo . . (6.7)
dc?"‘Rdc (b iy Tier) Figer =0

By adding (6.6) and (6.7) and also using the relationship of circulating current in (6.3), the
dynamic relation of DC-link voltage and circulating currents is deduced as,

dv, v . . . . .
—de yde g o A i iy i, =0

C c cirai cirbi circi 6.8
“dr R, bt (6.8)

By applying Park’s transformation to the (6.4), (6.5), and (6.8), general dynamic equations of
the proposed model in 0dq reference frame and based on a selected set of state variables
including MMC’s output currents, circulating currents and also DC-link voltage can be expressed

as,
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(2L+L, ]%+(2R+Rtjidi_w(2L+Ltji Sy =0

2 dt 2 2"
2L+L \diy; (2R+R ), 2LrL ),
2 dt + 2 i, t@ 2 Ly gy + Vg =
di; .
L % Ry = QL gy + 15 =0
6.9
dic[rq[ . ] ( )
Lt dt +R/lc[rq[ + thlU[rdi + u‘i2i =0

di. .. . 3\/5\/ ) )
L 2;01 F R i g0+t — > “ \/ERtldc[ =0
C dvdc Vdc \/5 . . . _ 0
dc d + Rf + Leiroi + Lacr + lacr =
t de

The needs for reaching well-designed current control loops and guaranteeing desirably balanced
operation of DC-link and SM voltages verify that the different parts of (6.9) should be accurately
identified for a fine design of the proposed controller to attain respective aims. The following

sections will cover all mentioned points.

6.3 Steady State Analysis

The state variables of the proposed model should be kept in their desired values in steady state
operating condition, regardless of experiencing new circumstances such as a step load change.
Consequently, the reference values I;; and Ij;are calculated as demonstrated in Figure 6.3. As
a matter of fact, the g component of AC voltages should be equal to zero for balanced and
sinusoidal AC systems. This means that the reference values of MMCs AC voltages are
approached to v, = v}; and v}; = 0. Based on two first terms of (6.9) and with respect to the
above points, the first switching state functions of MMC in steady state operating condition are

derived as shown in Figure 6.4:

(6.10)

In the same condition, the circulating currents of MMCs should be governed to become zero,
lcirdi = Leirqi = leiros = 0. As a result, the second switching functions of MMCs are obtained in

accordance to (6.9) and given in Figure 6.5.
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Figure 6.4 - Switching functions based on MMC output currents (a) d-component, (b) g-component.

* * *
Uy =0, Ui =0, Uy, =

Combining (6.10) and (6.11) leads to the main upper and lower switching functions of MMCs in
steady state operation. Using the last term of (6.9), the dynamic of DC link voltage in steady

state can be expressed as,

d * * E3 K3
Y V.. l 1.
de — dc _ dcl _ dc2 (6-12)

dt Cdc Rdc Cdc Cdc

Equation (6.12) shows the dynamic relation between DC link voltage and currents of MMCs.

Under the steady state operation, DC link voltage will be equal to,
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Figure 6.5 - Switching functions based on circulating currents (a) d-component, (b) g-component, (c)

0-component.

Equation (6.13) shows that DC link voltage is dependent on DC currents of MMCs in steady state
operating condition. Since DC currents of MMCs are related to the lower and upper MMCs
currents, it is understood from (6.13) that a proper control of output and circulating currents

of MMCs yields a balanced value for DC link voltage of MMCs.

6.4 Dynamic Stability Analysis

An accurate operation of the system can be provided by taking all possible dynamic changes
into account. Dynamic presentation of all state variables involved in the proposed HVDC system

can be stated as,

Xy =g Tl X =y T s X3 =l T Leipai
(6.14)
. -* . -* *
Xgi = lcirqi _lcirqi5 X5 = Leiroi ~ Leiroi> Xoi = Ve ~ Ve
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Total dynamic saved energy is a basic requirement for DLM. Following the points discussed

above, the dynamic energy function of the proposed model can be calculated as,

e e e (6.15)

L

The time-based derivation of (6.15) can be expressed as,

ooy 2L+L, . 2L+L . .
H(xi)=Ttxlixli +Ttx2ix2i + Lg%y + (6.16)
Ly, + Lxss; + Gy X X

Each part of (6.16) can be obtained from (6.9) and (6.14) as,
2L+ L, 2R+R, ) , 2L+ L,
xlt'xlz == 1i x21x11
2 2 2
- (”dn - ”;11' )xli - (Vdi ~Vai )xli
2L+ L, . 2R+R, ) , 2L+ L,
TXZixZi T\ T, M - 5 X1iXa;
_(“qn - ”;11‘ )x2i - (ti - V;i )x2i
LyXyxy, = =RX3 + @L x5, — (“dzi — Uy, )x3i
. s . (6.17)
Lixyixy; =R Xy — 0L x3xy; — (qui T Uy, )x4i
Ly%gxs5, = —R,x3, - (”021‘ — gy, )x5i +
342 . .
2 (vdc ~Vae )xSi - \/ERZ (ldci i )xSi
2
. Xei . L
CacXeiXei = ~ R_6_ \EXSixsi - (ldcl ~ Iyl )xéi
dc

. K
- (ldc2 T laca )xéi

In addition, the MMCs switching functions are extended to (6.18) with dynamic components

which are used by the proposed controller during dynamic changes,

(6.18)

.
Ugga2yi = Audq(lZ)i +Uyua2)i
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The first part of (6.18), Augq(12);, is the dynamic part of the MMC switching functions in d-q
reference frame that can be achieved by DLM. This part is responsible to maintain the stability
of the proposed model against load variations. Second part of (6.18) is related to the steady
state part of MMC switching functions shown as ug,;,);- This part is employed so that the state

variables of the proposed model follow a special reference values without any dynamic change.

By substitution of (6.17) and (6.18) in (6.16), the summarized derivation of MMCs total saved
energy is attained as (6.19),

H@):—[ZR; R j —(ZR; R j RY R R,

_(Audli + (Vdf - V;i ))xlz' - (A“qli + (ti - V;' )) Xpi — (Aud2i ) X3

32 . (6.19)
_(Auqu)x4f _(AMOZI' _T\/—x()i +\/§Rt (idci ~lgei ) +\/§x6i]x5i

2

. " . " Xg;
- ((ldcl _ldcl)+(ldc2 _ldCZ))x()i +
Rdc

According to DLM, a time-varying system with certain state variables will become
asymptotically globally stable, if the total saved energy function of system is positive and its

derivative is definitely negative.

Therefore, taking into account DLM principle and all terms present in (6.19), the dynamic

components of the MMCs switching functions are,

A ), A .
Ugyp = O X%y — (vdi Vi )v Ugri = Qg% — (ti - ti)

Aurgy; = 03Xy, Autyy, = 004Xy,

(6.20)
Augy; = Os;xs; = [‘%xw + \/ERt (idci — iy ) + ﬁxGiJ

The coefficients of a3; are the effective factors for regulating the dynamic parts of the proposed
controller that should be chosen appropriately [125]. Terms of (6.20) guarantee the ultimate
designed controller operation against any sudden dynamic changes. As can be seen in (6.20),
due to presence of steady state values in (6.20), the accurate performance of dynamic parts of
switching function are highly reliant on the correct functioning of the proposed model in steady
state conditions. Considering (6.20), all terms available in (6.19) can evidently identified to be

negative values or zero except for the last term that is,
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2
_(((ida _i;c1)+(id02 _i;c2))x6i +%} (6.21)

dc

By assuming balanced MMCs circulating currents, equation (6.8) can be rewritten as,

dv, v, . .
de djc + Rdc Figy iz, =0 (6.22)
dc

Equation (6.21) can also be restated with respect to (6.14) and (6.22) as,

(6.23)

In order to investigate the impact of (6.23) on (6.19), the various possible amounts that exist
for (6.23) are discussed in this section. Figure 6.6 shows the various states of (6.23). Noticing
the reference value demonstrated in red, two possible constant and fluctuated states are
considered for DC-link voltage as shown in Figure 6.6. The constant states specified with state
1 and 2 can be more or less than the reference value (for equal value, x,; = 0). For fluctuated
cases, three states are considered. As can be seen in Figure 6.6, for the states of 1 and 2, (6.23)
is equal to zero (dx4;/dt = 0). Moreover, for fluctuated states, since the sign of dxg;/dt is
varying due to the variation of voltage slopes, the ultimate value of (6.23) becomes periodically
positive or negative as depicted in Figure 6.6. This is indicating that (6.23) is always close to
zero in other states and consequently not able to noticeably impact the negative value of

(6.19). Therefore, the whole term of (6.19) is definitely negative or zero.
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6.5 Capability Curve Analysis of the MMCs

Identifying maximum capability of each MMC in active and reactive power injection during
operating condition of HVDC system leads to a more accurate design for the controller. The
relation between the DC-link voltage and the AC side voltage of each MMC shown in Figure 6.1

can be achieved as,

+v, i (6.24)

vdcldci tdlldl tqi*qi

In addition, the relation between the AC side and the output voltage of each MMC in d-q frame

can be driven by applying KVL’s law to Figure 6.1,

di,.
Vi = Vai + L —d‘;’ + Ri, — a)Liqi

(6.25)

= L diy; Ri Li
thl-—ti+ 7‘*‘ lql-+w Ly

By assuming dig;/dt = Io,qq; and substituting (6.25) in (6.24), the following circle is obtained

as,
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(idi+W)2+(iqi+Z)2=r2

— Llavdi + Vai X = L1

(6.26)

avqi ctdei

4R?

Y 2R
2
= \/(Llavdi + Vi )2 + (L[ + ti) +4Rv,

Equation (6.26) is a circle with the center of (—y, —y)and radius of r. This circle describes a
given area of MMC output current based on a dq frame in which the maximum and minimum
values of the current can be accurately calculated. By substituting iy; = P;/vy; and ig; = Q;/vg;

in (6.26), the following relation is obtained as,

(BAY) HQ+Z) =1 =Y =y = v =vr (6.27)

The relation described in (6.27) is the capability curve of MMC as a circle with the center of
(—y',—x") and radius of r'. Capability curve of MMCs are plotted in Figure 6.7. The smallest
circles shown in Figure 6.7(a) and Figure 6.7(b) are typical MMC CC with iz, >0 and iy <0
respectively. By increasing the positive values of i;. and decreasing the negative values of i,
CC can vary as depicted in Figure 6.7 for different DC-link current values. As shown in these
figures, the positive and negative areas of CC are significantly altered for both active and
reactive power by changing DC-link currents. This has to be noted while designing any control

process.

Q(VAR)
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Figure 6.7 - Capability curve of MMCs (a) increasing iz > 0, (b) decreasing iy < 0.

6.6 DC-Link Voltage Stability Analysis

How the changes of different variables available in the proposed HVDC system affect the DC-
link voltage stability is discussed in this section. With respect to (6.22), next equation can be

inferred as,

dv % P +P
C dc + de _ _ "1 2 28
et R, v, (6.28)

c

Applying small signal linearization to (6.28), the relation between DC link voltage and MMC

active power variation is obtained as,

1 P +E AP, + AP,
(Cdcs +——- = 2 JAvdc =——1__2 (6.29)
dc vdc Vdc
By substituting (6.25) in (6.24), (6.30) is achieved as,
.2 d'z.
vdcidci = Pz +£&+ lez +£l+Ri2i (630)
2 dt 2 dt !

Another relation between Av,. and AP; can be derived by the use of small signal linearization
for (6.30) as,
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AP = Av, iy v Ny —(Ls +2R)iyAiyy —(Ls +2R) i Ai, (6.31)

By substituting (6.31) in (6.29), the effects of active power of MMC1 and MMC2 on the DC link
voltage can be stated as (6.32) and (6.33) respectively,

|:AVds; ‘<AP2:0>:|:[AV«1C1]:

« - .l AL Ai
(Lst2R)iy,  (Lst2R)i, Vae a B a (6.32)
A A - A Alql 7[fll le fl}] Alql
1 ' : Aidcl Ai(.lcl
[Avdc <API = 0>:| =[Av,,]=
. - .| A Ai
(Ls+2R)i;, (Ls+2R)i), ), Azj“ e pl o (6.33)
A A A 42 2 Jun sl Bl
’ ? 2| A Aiyey

Considering steady state operational condition of (6.28), A; is equal to,

s v s
Aiz(Cdcvdcs+%+i } (6.34)

dci
de
Using (6.32) and (6.33), each part of DC-link voltage variations can be rewritten as follows,

AV = [aliy + [ Al + fi3A0, (6.35)

Thus, the effects of the MMC d-q components and DC-link currents variation on DC-link voltage
stability can be evaluated by (6.35). The Nyquist diagrams of each f;; for various positive
increasing values of DC-link current are separately depicted in Figure 6.8. As realized from
Figure 6.8 (a) and Figure 6.8 (b), f;; and f;; cannot lead to a noticeable instability in DC-link
voltage. But, according to Figure 6.8 (c), f;; significantly increases the instability margins in
both generation and control processes of DC-link voltage in HVDC system. For this case,
regulating DC-link current at desired value is a vital operation in order to reach a stable DC-
link voltage. The same discussion is governed for various negative decreasing values of DC-link
current as shown in Figure 6.9. However, by decreasing the negative values of DC-link current,
fis diagram is gone to the right-hand part and its magnitude is drastically decreased as
illustrated in Figure 6.9 (c) and consequently improves the stabilizing properties of f;5.
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Figure 6.9 - Nyquist diagram of DC-link voltage variations for i;,; < 0 due to: (a) d-component

variations of MMCs currents (fi;), (b) g-component variations of MMCs currents (f;,), and (c) DC-link

current variations (f;3).

6.7 Simulation Results

The purpose of this section is to assess the capability of the proposed control scheme at

reaching the desired values of MMC currents, voltages, and active and reactive power under

both dynamic and steady state operating conditions. System parameters and the MMC rated

values are listed in Table 6.1. SimPower package of Matlab software is utilized to execute this

assessment process as structured in Figure 6.10. For the modulation method, SLPWM technique

is selected to synthesize gate switching signals for MMCs.

Table 6.1 - Units for Simulated MMC-based System

fGC
fs

Ve

L
R:

60 Hz
10 kHz
18 kV
3kV
45 mH

0.30Q

12 mH
10
6

C

Cﬁ

P,

Q
Transformer

power rating
MMC1 load |

MMC1 load Il
MMC2 load |
MMC2 load Il

4 mF
65 OpF
20 MW
10 MVAR
8 kV/23kV (A/Y)

75 MW, -25 MVAR
85 MW, 80 MVAR
20 MW,7 MVAR
35 MW, 25 MVAR

116



O——rm-m—ro

The proposed
HVDC system

/

abc [ abecir,

A Y A

Steady state '7

section of the
proposed

controller | m

dynamic state | === Figure 6.4

section of the )
proposed

controller  _ Figure6.54]k %

Figure 6.10 - Overall structure of the proposed controller.

To show effectively the impact of DLM on the stability of the proposed controller, two
simulation processes will be considered. As a common operation in both processes, firstly the
proposed HVDC system works in steady state and each MMC is responsible to supply active and
reactive power required by the respective loads. Then, in the second time of each simulation,
load changes take place at t = 0.4 s and t = 0.6 s for MMC1 and MMC2, respectively, in which,
in the first process DLM is not used, while the completed proposed controller with DLM is
employed in the second process. The results are presented and discussed in the following
section.

6.7.1 DC-Link and AC Voltages Evaluation

Figures 6.11 and 6.12 shows SM voltages and also DC and AC side voltages of MMCs in two
simulation processes: without and with DLM. As can be observed, appropriate steady-state
operation for DC-link voltage, upper and lower SMs voltages, and AC side voltages of MMCs are
achieved with DLM.
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Figure 6.11 - SM voltages and DC and AC side voltages of MMCs without DLM.

Figure 6.11 shows that not using DLM in the proposed controller leads to the divergence of MMCs
voltages from its desired values when the load changes happen for MMC1 and MMC2 at t = 0.4 s
and t = 0.6 s, respectively. Figure 6.12 demonstrates the accurate operation of the proposed
controller included DLM in both dynamic and steady states. According to this figure, in response
to a transient variation, the DC link voltage is kept in desired value with small deviations. In
addition, during both dynamic and steady operation of the proposed controller, the upper and
lower SMs voltages follow the reference value of v}./6 with acceptable fluctuations. The

appropriate AC side voltages of MMCs are also obtained as shown in Figure 6.12. The MMC2
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should act as an inverter and consequently generation of sinusoidal and balanced AC voltages

is a main duty of MMC2, which is completely performed as depicted in Figure 6.12.

18.1

Figure 6.12 - SM voltages and DC and AC side voltages of MMCs with DLM.

6.7.2 Analysis of MMC Currents

To verify suitable performance of the proposed control technique for minimizing MMC
circulating currents and regulating DC-link and AC currents of MMCs, Figures 6.13 and 14 can

be referred to.
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Figure 6.13 - Circulating, DC-link and AC-side currents of the interfaced MMCs without DLM.

Figure 6.13 shows the simulation results of the proposed MMC-based HVDC system under
operation of the proposed controller without DLM. As it can be understood from this figure,
when load changes take place for MMCs, the controller without DLM is not able to keep the
proposed system in stable operation and consequently the currents of MMC1 and MMC2 become
unstable att = 0.4 s and t = 0.6 s, respectively. From circulating current waveforms of Figure
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6.14, it can be derived that minimizing these currents in both MMCs are properly done by the
steady state section of the proposed controller and subsequently, in case of sudden loads

changes, DLM fully provides dynamic control requirements in order to keep the currents at the
minimized values.

Figure 6.14 - Circulating, DC-link and AC-side currents of the interfaced MMCs with DLM.

Moreover, Figure 6.14 shows the DC link currents of MMC1 and MMC2 respectively in both
dynamic and steady states. Considering the dynamic step change time t = 04s and t = 0.6 s
for MMC1 and MMC2 respectively, the duration of transient time and transient error values are
insignificant in the second simulation process with DLM. Also the AC-side currents of MMCs are
shown in Figure 6.14. As can be seen, current waveforms and their changes are proportional to

the instantaneous needs of the load. They are also influenced by the function of keeping output
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voltages of MMC2 sinusoidal and balanced. The d and q components of MMC currents are shown
in Figures 6.15 and 6.16. As can be seen, these components become unstable when DLM is not
considered in the proposed control technique. When DLM is used in dynamic state operation of

the proposed HVDC system, these currents move on their desired values with a small transient
response time.

Figure 6.15 - d and q components of MMCs currents without DLM.
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Figure 6.16 - d and g components of MMCs currents with DLM.

6.7.3 Active and Reactive Power Sharing Assessment

The proposed control technique of MMC is also responsible to provide the active and reactive
power demanded from the proposed HVDC system. MMCs active and reactive power waveforms

are illustrated in Figures 6.17 and 6.18.

Firstly, MMC1 and MMC2 are aimed to supply loads of 10MW+j(-10)MVAR and 3MW+j0.7MVAR
respectively. Then, another set of loads as 8MW+j9MVAR and 7MW+j4MVAR are connected to
MMC1 and MMC2 respectively at t = 0.4 s and t = 0.6 s, respectively. Figure 6.17 verifies that
the proposed controller without DLM cannot lead to a stable active and reactive power sharing

for MMCs in dynamic operating condition.

On the other hand, as can be seen in Figure 6.18, MMCs active power orientation is in the
direction of its respective load active power. Also the dynamic change of loads is highly
compensated with a fast transient response, due to the proper controlled reaction operated by
the designed DLM as depicted in Figure 6.18. Moreover, according to Figure 6.18, the reactive
power injection by MMC1 is due to the presence of respective reactive loads in both steady
state and dynamic operating conditions of the proposed HVDC system, even though the scenario
is different for MMC2. Figure 6.18 also shows that due to presence of filter capacitance at the
output of MMC2 for the aim of achieving the desired sinusoidal voltages, MMC2 consumes

reactive power.

123



600~~~
400 --------
200F--------

AVAN)'O

-200

Time[s]

0.4

0.2

0.9

0.8

0.6

0.5

v

AN O

AVAN) DO

0.9

0.8

0.7

0.6

0.5

Time[s]

Figure 6.17 - MMC1 and MMC2 active and reactive power waveforms without DLM.

124



0.55

0.5

0.4

0.35

0.55

0.5

0.4 0.4
Time[s]

0.35

0.3

0.8

0.75
T

0.7

0.6

0.55
T

gl wn

(MIN)Yd " (awra

0.8

0.75

0.7

0.65

0.6
Time[s]

0.55

*®

| L] e
| |

” ”

| |

| | ﬁ
r-r - - T .
| | (=)
| |

.

| |
L_L_ % |5
i | =)
| |

| |

” ”

| | [7e)
L L _1_ 1\
| | =)
| |

| |

” ”

| | Ne)
I SRS
| w,

” ”

| |

| S | A
\\1\\\_.1\\5.
| | )
| |

” ”

| |
L __ £ _ ¥
i | <IN
| |

| |

” ”

| | w
| | 4
S 8 =
i D au
@vAW© EAVANTO

0.75 0.8

0.7

.65

0

0.6

0.55

Time[s]

Figure 6.18 - MMC1 and MMC2 active and reactive power waveforms with DLM.

125



6.8 Chapter Conclusions

This chapter presented a d-q frame based model of MMC-HVDC with six independent dynamical
state variables, including AC and circulating currents and also DC-link voltage, to effectively
obtain the switching functions of MMC as well as for an accurate circulating current control.
Based on the reference values of selected state variables, the MMC switching functions under
steady state were obtained to regulate the MMC operation. Moreover, DLM was employed to
develop dynamic parts of switching functions to reach globally asymptotically stability. In fact,
using DLM leads to a proper operation of the designed controller and a better stabilization of
MMC-HVDC against dynamic changes. Then, the capability curve analysis of the interfaced MMCs
in the proposed system was carried out by considering the effects of DC-link current changes.
Furthermore, the effects of MMC output and DC-link current variations on the DC-link voltage
stability were evaluated in detail. Finally, the validity of the proposed controller for the
proposed MMC-HVDC system was thoroughly verified and demonstrated by analyzing the

simulation results achieved in Matlab/Simulink environment modeling.
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Chapter 7

Conclusions, Directions for Future Work and
Contributions

In this chapter, the main conclusions of the thesis are highlighted on the basis of answering
the research questions that constituted the main motivation of this research. The limitations
of the work in this thesis, and some directions of future work are also discussed. Finally, the
contributions of this work are highlighted by presenting the set of publications in journals,

book chapters or conference proceedings of high standard (IEEE), leading to this thesis work.

7.1 Main Conclusions

The main conclusions drawn from the thesis work, pertaining to the research questions
presented in Section 1.3, are summarized as follows. For the sake of clarity, the research

questions are reproduced here.

» How can various parts of the dynamic model of the MMC impact on providing an
accurate power sharing of renewable energy resources-based HVDC in the

presence of model uncertainties and errors?

A flat outputs-based dynamic model which consists of both active and reactive power
as their main state variables contributes to an accurate active and reactive power
sharing in both steady state and load changes in the first step. The aforementioned
feature considered as one of the main contribution of thesis will be enhanced by adding
the integral-proportional terms of the flat output errors to the initial inputs in the
proposed DFT. Adding theses terms leads to achieving the robustness ability for the
designed ultimate DFT. In fact, this robustness feature is constructed to suppress the
negative effects of the input disturbance, model errors, and system uncertainties. Also,
it should be said that the robustness feature can be achieved by defining a control

Lyapunov function ensuring the stability of the MMC under various operating points.
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» What are the results of using the proposed multi-loop control technique on the
stable operation of MMCs in HVYDC Transmission Systems, and how will each loop
with its duties be appropriately led to stable outputs in various operating

conditions?

The results of using a multi-loop control technique are dependent on the duties of each
control loop. In this thesis, a multi-loop control strategy consisting of three loops,
named Outer Loop Controller (OLC), Central Loop Controller (CLC) and Inner Loop
Controller (ILC), is designed. Initially, the details of each control loop are explained.
OLC is designed based on passivity theory-based control technique to force all
considered state variables of MMC-based HVDC system to track their reference values
in both steady state and load variations. Sliding mode controller is used to shape CLC.
Indeed, CLC is designed to provide stable robustness responses for the considered state
variables in the presence of parameters changes. ILC is responsible to generate
instantaneously accurate reference values for MMCs used in the HVDC transmission
system in both operating modes of inverter and rectifier. As a result, by noticing the
mentioned duties of each control loop, the results of using the proposed multi-loop
control technique are tracking reference values, robustness ability and generating
accurate reference values provided by OLC, CLC and ILC, respectively. As it was
mentioned above, OLC, CLC and ILC can lead to stable outputs in various operating
conditions by the help of designing a passivity theory-based control technique, defining
appropriately the sliding surface and choosing a suitable reference generation

algorithm, respectively.

» Which state variables should be more important in a detailed analysis of the
MMC structure at reaching flexible modulation functions when the parameter

alterations exist in the overall performance of the power system?

Many state variables pertaining to MMC exist that can be used at presenting an accurate
analysis for different applications. For instance, the state variables can include the
output voltage, output current, DC link voltage, SM capacitor voltage, circulating
current, etc. In the frame of inverter mode, MMC output voltages and currents as well
as MMC circulating currents are considered in this thesis to perform a detailed analysis
of MMC and also to achieve the proposed flexible modulation functions. Since two upper
and lower switching functions with detailed parts are aimed to accurately be achieved,
using the aforementioned state variables, both upper and lower arms currents are also
driven. Various parts of the proposed switching functions can be formed based on

reaching appropriate responses with the existence of parameters changes.
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» How much considering detailed calculations of MMC PWM modulation functions
can ease reaching the desired values for the modulation index and phase, and also
what is the effect of the system parameters considered by proposing the
modulation index and phase?

Detailed calculations of PWM modulation functions can prevent the undesired
approximations which are frequently applied to the ultimate modulation functions. On
the other hand, detailed calculations of PWM modulation functions will lead to
achieving very accurate values for different parts of modulation functions. Thus,
considering detailed calculations of MMC PWM modulation functions can cause very
accurate values for the modulation index and phase, which have been accomplished in
this thesis. Moreover, various parts of the proposed modulation index and phase can be
changed according to the alterations of system parameters to result in a stable
operating condition.

» Whether by considering the circulating currents components can cause that the
ultimate designed controller shows positive results at controlling MMC in the HYDC
system or not?

Circulating currents of MMC can produce a collection of dynamic mathematical
equations that have been comprehensively discussed in this thesis. These proposed
dynamic equations provide new switching functions that are dependent on the
circulating currents variations. Since the dynamic models of the circulating currents in
a-b-c reference frame are related to DC link voltage, several effective switching
functions are achieved. Accurate calculations of theses effective switching functions in
d-q can be led to positive results at controlling MMC in the HVDC system, which has
been executed in this thesis.

» What results can be achieved by accurately analyzing the proposed detailed
curve based on the active and reactive power generated through MMC and which
factors can be used to show other aspects of the proposed curve?

Identifying the maximum capability of each MMC in active and reactive power injection
during the operating condition of the HVDC system leads to a more accurate design for
the controller. The proposed power curve of the considered MMC-based HVDC system
is one of the main contributions of this thesis. It can be understood from this curve that
the maximum and minimum amount of the MMC’s active and reactive power are
completely dependent on MMC’s output parameters and also the operation of the
proposed MMC through the proposed controller. According to this curve, the center and
radius of the power curve are definitely changed by MMC’s output parameters, DC link
specifications and also output currents and voltages of MMC in d-q reference frame.
Moreover, the various parameters effects of the MMC on the power curve can be better
assessed.
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Increasing the MMC’s resistance causes the power curve to become smaller with
decreasing the radius and center. On the other hand, the scenario gets inverse when
the MMC’s inductance increases. In addition, by increasing the positive values of the
DC-link current, the capability curve becomes smaller. Also, decreasing the negative
values of DC-link current leads to making the radius of capability bigger. The positive
and negative areas of capability curve are significantly altered for both active and
reactive power by changing DC-link currents. By noticing the aforementioned
discussions, changing the MMC parameters, DC link voltage, DC link current and output

voltage components can show other aspects of the proposed curve

7.2 Directions for Future Works

The following points may be further studied in order to broaden the understanding of the topics

treated in this thesis:

Considering uncertainties that exist in the SM capacitors in the detailed proposed PWM
modulation functions;

Proposing a suitable SM capacitors voltage balancing method for more effective stable
operation when parameters alteration occurs;

Providing more details for the proposed DFT in various operating conditions by the use
of average capacitor voltages;

Considering unbalanced grid conditions for all proposed control techniques in which the

grid is supplying an unbalanced and nonlinear load.

7.3 Relevant Contributions of this Work

7.3.1 Publications in Peer-Reviewed Journals

1.

2.

M. Mehrasa, E. Pouresmaeil, S. Zabihi, J.C.T. Caballero, J.P.S. Catalao, "A novel
modulation function-based control of modular multilevel converters for HVDC
transmission systems”, Energies, Vol. 9, No. 11, pp. 1-14, November 2016.
http://dx.doi.org/10.3390/en9110867

M. Mehrasa, E. Pouresmaeil, S. Zabihi, J.P.S. Catalao, "Dynamic model, control and
stability analysis of MMC in HVDC transmission systems”, IEEE Transactions on Power
Delivery, Vol. 32, No. 3, pp. 1471-1482, June 2017.
http://dx.doi.org/10.1109/TPWRD.2016.2604295
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3. M. Mehrasa, E. Pouresmaeil, M.F. Akorede, S. Zabihi, J.P.S. Catalao, "Function-based

5.

modulation control for modular multilevel converters under varying loading and
parameters conditions”, IET Generation, Transmission and Distribution, Vol. 11,
No. 13, pp. 3222-3230, September 2017.
http://dx.doi.org/10.1049/iet-gtd.2016.1028

M. Mehrasa, E. Pouresmaeil, S. Zabihi, I. Vechiu, J.P.S. Catalao, "A multi-loop control
technique for the stable operation of modular multilevel converters in HVDC
transmission systems”, International Journal of Electrical Power & Energy Systems
(ELSEVIER), Vol. 96, pp. 194-207, March 2018.
http://dx.doi.org/10.1016/j.ijepes.2017.10.006

M. Mehrasa, E. Pouresmaeil, S. Taheri, I. Vechiu, J.P.S. Catalao, "Novel control
strategy for modular multilevel converters based on differential flatness theory”,
IEEE Journal of Emerging and Selected Topics in Power Electronics, Vol. 6, No. 2,
pp. 888-897, June 2018.

http://dx.doi.org/10.1109/JESTPE.2017.2766047

7.3.2 Publications in International Conference Proceedings
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M. Mehrasa, S.K. Hosseini, S. Taheri, E. Pouresmaeil, J.P.S. Catalao, “Dynamic
performance control of modular multilevel converters in HVDC transmission systems”,
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M. Mehrasa, E. Pouresmaeil, S. Zabihi, J.P.S. Catalao, "Dynamic model, control and
stability analysis of MMC in HVDC transmission systems”, in: Proceedings of the IEEE
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Appendix A

All the matrixes used in (3.23) are the following:
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Appendix B

Expressions of the variables V,,,,, 6, V., and 6,, respectively:

mu

2
[  sin(@)+L, 1 a)cos(a)] + 6 —tag” [Leqlma)sm( )—1,R,, cos(c )+vm} B.1)
[L I wsin(a)—1,R, cos(a)+v, 1] [1 R sm(a)+Leqlma)cos(aﬂ

eqg”m m”eq "

[1 R, sin(a)+L, I a)cos(a)]2+

m” eq eq= m

-R, I +L, I,osin(o
v, = .6, =tag” [ Ryl cos{a)+ L Losin( )]] (8.2)
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Appendix C

Expressions of the variables V., and 6, respectively:

. (2L, +L,) I20* +(2R, +R, ) I2, + 4 +
“ N4, (2L, +L,)1, 0sin(a,)—4v, (2R, +R,) I, cos(a, )

ma

0, [2v, +(2L, +L,)1,,0sin(0,) (2R, +R, )1, cos(a, )|
e ( [(2L,+L,)1,,0c08(e, ) +(2R, +R, )1, sin(a,)] J
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